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ABSTRACT
The length-dependence of several excitation-contraction coupling 
elements were investigated in diabetic papillary muscles. Female Wistar rats 
(200  - 3 0 0  g} were chemically-induced with a single tail vein injection of 
streptozotocin (65 mg/kg) and sacrificed a minimum of 5 weeks later.
Twitch curves at 100 and 95 %Lmax (percentage of optimal length) of 
diabetic myocardium, compared to the control group, demonstrated significant, 
p <  0 .05 , depressions in the maximal rates of contraction and relaxation, and 
prolongation of the time to peak contraction, the time to maximal relaxation, 
time to the maximal rate of contraction and relaxation. The reduction of 
muscle length caused similar significant, p <  0 .05 , depressions of these 
parameters including peak muscle force, in both the control and diabetic 
groups, although in the diabetic group there was no significant change in the 
maximal rate of relaxation.
Force-interval data revealed that diabetes caused significant depressions, 
p <  0 .05 , of both the beta and gamma phases at 100 and 95 %Lmax. The 
reduction of muscle length caused significantly greater, p <  0 .05 , potentiation 
during the beta and gamma phases at 95 %LmM in the control group, however, 
there were no significant differences observed in the diabetic group.
The addition of ryanodine (1 //M ) coupled with increases in frequency, 
1.67, 2 .50 , 3 .33  and 5 .00  Hz, was used to investigate whether diabetes 
caused an alteration of the calcium influx through the slow calcium channel.
v
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Both the control and diabetic groups exhibited negative inotropic effects, and 
upon an increase in stimulation from a pacing frequency of 0.5 Hz, produced 
positive staircases. Comparison was accomplished by assessing the number 
of beats required to attain relative percentages of the staircase force. There 
were no significant differences, p <  0 .05, at 100 and 95 %Lmnx between the 
control and diabetic groups although it seemed that fewer beats were required 
for the diabetic group to achieve relative percentages of staircase force. Upon 
a reduction in muscle length, both the control and diabetic groups exhibited, in 
almost every comparison, no significant differences, p <  0 .05 , in the number 
of beats required to reach a relative percentage of staircase force.
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Introduction
The heart is responsible for circulating blood to the tissues of the body. 
The performance of cardiac muscle is a function of excitation-contraction 
coupling which can be modified by the end-diastolic volume, the frequency oi 
stimulation, ionic balance, temperature, hormones, and pharmacological 
interventions. Furthermore, the function of the heart can be altered by 
pathological conditions.
Diabetes mellitus, a metabolic disorder characterized by an almost 
exclusive dependence on fatty-acid oxidation (Chen, Bagby, & Spitzer, 1983; 
Murthy, Bauman & Shipp, 1983; Rosen, Budde & Reinauer, 1981) and an 
accumulation of myocardial triglycerides (Chen, lanuzzo, Fong & Spitzer, 1984; 
Murthy & Shipp, 1980; Paulson & Crass, 1982), is one of the leading causes 
of mortality in North America largely a result of myocardial complications 
(Pierce, Beamish & Dhalla, 1988). Researchers have investigated diabetic 
myocardial function using virally, chemically or surgically-induced and 
spontaneously diabetic animal models. Chemically-induced diabetes, however, 
has been found to be a more convenient, inexpensive and controllable, in terms 
of severity, animal model (Pierce et al., 1988).
The chemically-inducing diabetic agent of choice has been streptozotocin 
due to its greater specificity on the /?-cells of the pancreas, lower toxicity and 
closer resemblance to insulin-dependent diabetes mellitus (Pierce et al., 1988;
1
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Tomlinson, Gardiner, Hebden & Bennett, 1992). As such, the streptozotocin 
or chronic diabetic model has been found to be an appropriate model for 
identifying and examining the causes of diabetic cardiomyopathy if left 
uncontrolled, that is without the provision of exogenous insulin, for at least 30  
days (Ramanadham & Tenner, 1983; Tomlinson et al., 1992).
In chronically diabetic whole heart preparations, depressed left ventricular 
pressure development and a prolonged rate of relaxation have been observed 
(Bielefeld, Pace & Boshell, 1983; Litwin, Raya, Anderson, Daugherty & 
Goldman, 1990; Penpargkul, Schaible, Yipintsoi & Scheuer, 1980; Vadlamudi, 
Rodgers & McNeill, 1982). Similarly, diabetic papillary (Fein, Kornstein, 
Strobeck, Capasso & Sonnenblick, 1980; McComb, 1990; Nobe, Aomine, 
Arita, Ito & Takaki, 1990; Takeda, Nakamura, Hatanaka, Ohkubo & Nagano, 
1988; Yu & McNeill, 1991a) and trabeculae (Bouchard & Bos6, 1991) muscle 
preparations, which allow a more detailed examination of contractile function 
(Jewell, 1977), have also demonstrated a depression of contractile and 
prolongation of temporal indices.
The myocardial dysfunction associated with diabetes has traditionally 
been attributed to cardiovascular heart disease or hypertension (Pierce et al., 
1988; Taegtmeyer 8t Passmore, 1985). Recently, though, diabetic 
cardiomyopathy has been considered to be independent of such diseases and 
may be a consequence of abnormal intracellular Ca2+ homeostasis (Fein et al., 
1980; Magyar, Rusznak, Szentesi, Szucs & Kovacs, 1992; Pierce et al., 1988;
2
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Regan et al., 1974; Taegtmeyer & Passmore, 1985; Yu & McNeill, 1991b), 
and/or alterations of the contractile proteins (Vadlamudi et al., 1982).
Initially, investigators hypothesized that an intracellular Ca2+ overload 
may exist compromising mitochondrial energy production, and provoking 
increased protease, phospholipase and lysosomal activity which could alter the 
structural membrane integrity and contractile proteins (Afzal et al., 1988; 
Dhalla, Pierce, Panagia, Singal & Beamish, 1982). Accordingly, alterations 
have been found in the sialic acid content of the SL {Pierce, Kutyrk & Dhalla, 
1983), and phospholipid content of the SL {Makino, Dhalla, Elimban & Dhalla, 
1987; Pierce et al., 1983) and SR (Ganguly, Pierce, Dhalla & Dhalla, 1983; 
Umezawa et al., 1989). Indeed, investigations with Ca2+~sensitive electrodes 
(Lopez, Banyasz, Kovacs, Sreter & Szucs, 1988) and Fura-2, a Ca2+-sensitive 
photoprotein, (Alio et al., 1991) have revealed slightly higher levels of 
intracellular free Ca2+.
Furthermore, reductions in the Ca2+ extruding capability of the SL 
Na+/Ca2+ exchanger (Makino et al.# 1987) and SL Ca2+ ATPase pump 
(Heyliger, Prakash & McNeill, 1987; Ku & Sellers, 1982) may also be 
contributing to intracellular Ca2+ overload. Additionally, an enhanced I.,, which 
may explain the prolonged action potential duration in diabetic myocardium 
(Nobe et al., 1990), could also contribute to higher intracellular levels of Ca2+.
It has recently been demonstrated, however, that a Ca2+ deficit may 
exist rather than a Ca2+ overload as evidenced by 45Ca2+-isotope studies
3
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(Horackova & Murphy, 1988}, rapid-cooling-contractures (Bouchard & Bos§, 
1991), Fura-2 studies {Noda et a!., 1992), and ionic interventions using a 
reduction in Na+ (McComb, 1990) and an increase in Ca2+ (Bouchard & Bos6, 
1991). Interestingly, Magyar et al. (1992) suggested that myopiasmic Ca2+ 
may be elevated but that, overall, an intracellular Ca2+ deficit exists largely the 
result of significantly lower SR Ca2+ content. Thus, it is possible that a Ca2+ 
deficit may exist reducing activationa! Ca2+ contributing, in part, to the 
depression of diabetic myocardial force.
Alterations in myocardial contractility may also be a function of 
myofibrillar changes. There is a significant shift in the myosin isoenzyme 
pattern from VM-1 to VM -3 which lowers myofibrillar Ca2+ ATPase activity 
(Dillman, 1980; Takeda et ah, 1988). Furthermore, a change in the intrinsic 
properties and/or structure of the myofibrils may occur since diabetic 
myocardium has been shown to have an increased sensitivity to Ca2+ 
(Ramanadham & Tenner, 1986; Ramanadham, Doroudian & McNeill, 1990).
These physiological and biochemical changes in cellular Ca2+ handling 
mechanisms may be collectively responsible for the alteration of contractile 
function in diabetic myocardium.
To investigate further the interaction of the Ca2+ handling processes 
during excitation-contraction coupling, investigators began using the force- 
interval relationship and associated Ca2+ handling models. This relationship 
suggests that the generation of cardiac muscle force is determined by the
4
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diastolic rest interval and is species dependent. That is, longer diastolic rest 
intervals cause rat myocardium to potentiate {up until an interval of 
approximately two minutes), whereas, other species, the rabbit (Bers & 
Christensen, 1990) and the guinea-pig (Janczewski & Lewartoski, 1986), for 
example, experience a decay in force.
Several models have been developed to explain the force-interval 
relationship based upon diastolic time-dependent Ca2+ handling mechanisms. 
Early models consisted of two Ca2+ handling compartments, an uptake and a 
release compartment {Ragnarsdottir, Wohifart & Johannsson, 1982), 
presumably located in the SR; however, these models did not explain the force- 
interval relationship of the rat myocardium (Schouten, van Deen, de Tombe & 
Verveen, 1987), The model developed by Schouten et al. (1987) included a 
third compartment involving Ca2+ movement across the SL, an exchange 
compartment likely comprised of the activities of both the Na+/K + ATPase 
pump and the Na+/Ca2+ exchanger (Figure 1). In accordance with this model, 
the force-interval curve of the rat can be characterized by three phases of time- 
dependent Ca2+ transport: a, 0  to 10 seconds, 0, 10 seconds to maximum 
potentiation, approximately 120 seconds, and y, beyond maximum potentiation 
(Figure 2).
In the a  phase of the force-interval relationship of the rat, progressively 
longer rest intervals, up to 10 seconds, yield greater potentiation. According 
to the model, there is a time-dependent transfer of Ca2+ from an uptake
5






Figure 1. A compartmental model of the Ca2* transport mechanisms involved 
in the force-interval relationship, r represents the recirculation fraction of Ca2* 
from the myofilaments, and 1- r  represents the remaining fraction of Ca2* 
extruded by the exchange compartment. (Schouten et al., 1987)
CL
100010010
T e s t  I n t e r v a l  ( s )
Figure 2. The force-interval curve of rat myocardium (Schouten et al., 1987).
6
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compartment to a release compartment both presumably involving the SR. 
Since ryanodine, which in minute quantities prevents SR Ca2* accumulation by 
presumably locking the SR Ca2+ release channels in an open state (Rousseau, 
Smith & Meissner, 1987), reduces rest potentiation (Banijamali, Gao, Macintosh 
& ter Keurs, 1991; Bos§, Hryshko, King & Chau, 1988; Sutko, Bers & Reeves, 
1986; Yu & McNeill, 1991a), the SR is probably the uptake and release 
compartments.
In the 0  phase, potentiation continues until a maximum value is reached 
at approximately 120 seconds, and is thought to be the result of a transfer of 
extracellular Ca2+ through a SL exchange compartment to the release 
compartment. Shattockand Bers (1989), using Ca2+ sensitive microelectrodes, 
found that extracellular Ca2+ decreased upon prolongation of the diastolic rest 
interval suggesting that there was an influx via the Na+/Ca2+ exchanger. 
Furthermore, it seems likely that the exchange compartment is comprised of 
both the Na+/K + ATPase pump and Na+/Ca2+ exchanger given that the 
application of nickel, which blocks the Na+/Ca2+ exchanger, diminishes rest 
potentiation (Lewartowski & Zdanowski, 1990) and a reduction in the 
extracellular Na+ {McComb, 1990) enhances maximum potentiation.
The Na+/Ca2+ exchanger is capable of both influxing and effluxing Ca2+. 
Its direction, however, seems dependent upon the thermodynamic driving force 
provided by the Na+ electrochemical gradient {Bers, 1991a; Bers, Christensen
j
& . Jguyen, 1988; Shattock & Bers, 1989). Upon stimulation of a myocardial
7
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cell, the membrane potential rises quickly, as a result of Na+ influx, and 
becomes more positive than the potential of the Na+/Ca2+ exchanger 
thermodynamically favouring the entry of Ca2+ which reverses the Na+/Ca2+ 
exchanger (Bers, 1991a; Shattock & Bers, 1989; Sutko et al., 1986). The 
influx of Ca2+, however, is abbreviated; that is, the Na+/Ca2+ exchanger 
reverses once again as a result of the increased intracellular Ca2+ concentration 
which causes the Na+/Ca2+ exchanger potential to be more positive than that 
of the membrane potential thermodynamically favouring Ca2+ efflux (Bers et al., 
1988).
Unlike other species, a lengthening of the diastolic rest interval causes 
the Na+/Ca2+ exchanger of the rat to reverse once again to influx Ca2+ since 
the intracellular Na+ concentration is significantly higher than that of any other 
species (Shattock & Bers, 1989). In the rat, therefore, the observed rest 
potentiation during the fi phase should be, for the most part, determined by the 
capacity of the SR to uptake and release the intracellular gain of Ca2+ 
(Lewartowski &Zdanowski, 1990; Schouten et al., 1987; Wier & Yue, 1986; 
Yu & McNeill, 1991a) mediated by the Ca2+ influx through the Na+/Ca2+ 
exchanger.
In the y phase of the rat, however, there is a progressive decay of rest 
potentiation presumably representing a loss of Ca2+ from the release 
compartment and subsequent removal by the SL exchange compartment. The 
Na+/Ca2+ exchanger may reverse itself, as a consequence of the Na+/K+ pump
8
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activity which decreases intracellular N a+ between 20 and 100 seconds 
{Schouten et al., 1987) or a return to equilibrium by the Na + /C a*+ exchanger 
{Shattock & Bers, 1989), removing Ca2+ that has passively leaked from the SR 
(Banijamali et al., 1991; Bos6 e ta l., 1988; ter Keurs, Schouten, Bucx, Mulder 
& de Tombe, 1987). Similarly, the rest decay observed in other species is 
likely a consequence of the lower intracellular Na+ concentration which causes 
the N a+/C a2+ exchanger to efflux Ca2+ shortly after the action potential rather 
than influxing Ca2+ as in the rat (Shattock & Bers, 1989).
The pathological condition of diabetes, which adversely affects Ca2+ 
handling mechanisms, has been found to depress the a, 0  (McComb, 1990; Yu 
& McNeill, 1991a) arid y phases (Yu & McNeill, 1991a) of the force-interval 
relationship. Yu and McNeill (1991 a) have suggested that the depression of the 
force-interval relationship may be the result of a reduced SR Ca2+ content as 
Bouchard and Bos6 (1991) have demonstrated with rapid-cooling contractures. 
The depression of the Na+/Ca2+ exchanger (Makino et al., 1987), though, may 
also be partly responsible since an increase in the Na+ gradient caused an 
increased 0  phase potentiation (McComb, 1990) which also supports the 
contention of a cellular Ca2+ deficit rather than an overload.
The significant depression of the y phase in diabetic papillary muscles, 
reported by Yu and McNeill (1991a), was not accompanied by a prolongation 
in the time to peak potentiation. This result is contrary to recent diabetic tissue 
evidence reporting that the increased intracellular Na+ ion concentration
9
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{Lagadic-Gossmann & Feuvray, 1991), depressed Na+/K+ ATPase activity (Ku 
& Seilers, 1982; Makino et at., 1987; Pierce & Dhalla, 1?83) and Na"7Ca2+ 
exchanger function (Makino et al., 1987) might slow the reversal of Na+/Ca2+ 
exchanger to a mode of Ca2+ efflux thereby skewing the and y phases of the 
force-interval curve to the right.
Therefore, given the observations of Yu and McNeill (1991a) and the 
biochemical data suggesting that the force-interval curve may be shifted to the 
right, further examination of the ft and y of diabetic myocardium seems 
warranted.
Investigations of excitation-contraction coupling have also been furthered 
by the effect of muscle length upon the contractile state of the heart. In the 
heart, a greater return of venous blood will increase the end-diastolic volume 
stretching muscle fibres to produce a more forceful contraction. This intrinsic 
property is characterized by the length-tension response and is classically 
known as the Frank-Starling mechanism (Lakatta, 1987).
It is unclear how the length-tension mechanism operates. Physical 
factors such as extracellular connective tissue (Kentish, ter Keurs, Ricciardi, 
Bucx & Noble, 1986), the elastic properties of the sarcolemma (de Beer et al., 
1988; Schouten, Bucx, de Tombe & ter Keurs, 1990) and the interactions 
between myofilaments, whether by repulsion or structural limitations (Allen & 
Kentish, 1985; Jewell, 1977), likely account for only a small percentage of the 
maximal active force generated (Allen, Smith & Nichols, 1988; ter Keurs,
10
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Rijnsburger & van Heuningen, 1980). The length-tension relationship in cardiac 
muscle may, therefore, depend almost exclusively upon activation processes 
{Allen & Kurihara, 1982; Jewell, 1977; Kentish et al., 1986; ter Keurs et al., 
1980).
Activation of the contractile filaments is directly dependent on the 
amount of Ca2+ bound to the myofilaments, specifically troponin C. Changes 
in length, therefore, may alter myofilament sensitivity to Ca2+ and/or the 
provision of activational Ca2+ by Ca2+ handling mechanisms.
Photck'rninescent studies, which allow the measurement of free 
intracellular Ca2+, suggest that the Ca2+ sensitivity of the myofilaments is 
altered but only during the relaxation phase (Allen & Kurihara, 1982; Allen et 
al., 1988; Kentish, ter Keurs & Allen, 1988). During the contractile phase, the 
magnitude of the Ca2+ transient is unaffected by a change in muscle length, but 
in the relaxation phase, a reduction in length increases the Ca2+ transient. This 
implies that the dissociation of Ca2+ from the myofilaments is reduced at longer 
lengths in order to maintain tension. Such a mechanism would be consistent 
with Gamble's (1990) observations that the time to the maximal rate of force 
development remains constant regardless of length; whereas, relaxation is 
prolonged at longer lengths.
The premise that length could affect Ca2+ handling mechanisms was 
initially investigated with skinned fibres; that is, myocardial cellular preparations 
which have the SL removed. As the sarcomere length of these preparations
11
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was increased, SR Ca2+ release induced with caffeine (A. Fabiato & F. Fabiato, 
1975) and Arsenazo III (A. Fabiato, 1980} increased, thus, inferring that the 
loading and/or release of Ca2+ from the SR is length-dependent. The 
nonphysiological nature of skinned preparations, though, placed reservations 
upon such results since Ca2+ handling mechanisms of the SL may also be 
length- dependent (Lakatta, 1986).
In contrast to these nonphysiological preparations, post-extrasystolic 
potentiation, a fundamental response of intact cardiac muscle, was used to 
investigate the length-dependence of Ca2+ handling mechanisms (Poggesi, 
Bottinelli, Vitale & Testa, 1984). Following a premature beat that is weak, 
termed an extrasystole, the ensuing beat is potentiated as a result of the 
unreleased fraction of Ca2+ being added to the Ca2+ taken up by the SR during 
the extrasystole (Bers, 1991b). Using extrasystolic intervals up to one second 
in duration, a reduction in length demonstrated greater post-extrasystolic 
potentiations inferring that the functional loading and/or release of Ca2+ from 
the SR may be length-dependent. The possibility that Ca2+ handling elements 
of the SL may be length-dependent (Lakatta, 1986), though, makes it difficult 
to infer length-dependence of only the SR.
Utilizing longer diastolic rest intervals, which characterize the force- 
interval relationship, Gamble (1990) inferred that the time-dependent Ca2+ 
processes were length-dependent. Specifically, Gamble (1990) observed 
enhanced potentiation of the a phase at 100 %Ln„x; whereas, 90 and 95 %Lmax
12
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demonstrated significantly greater potentiation during the /? phase. These 
results coupled with the Ca2+ modelling of the force-interval relationship 
(Schouten et al., 1987) suggested that longer lengths seemed to increase SR 
Ca2+ loading and/or release while shorter lengths increased exchange 
compartment activity of the Na+/K + pump and/or the Na+/Ca2+ exchanger. 
Therefore, in addition to a length-dependent effect upon the myofilaments, 
length seems to affect cellular Ca2+ mechanisms responsible for the provision 
of activational Ca2+.
There does not seem to be any literature detailing investigations of 
muscle length changes in diabetic myocardial muscle. The significant 
depression of the fi (McComb, 1990) and y phase {Yu & McNeill, 1991a) 
expression in the force-interval relationship of diabetic myocardium has been 
attributed to the depressed function of exchange compartment elements and/or 
a reduction in the SR Ca2+ content. Since there are significant changes in the 
Ca2+ handling processes of control myocardium with length (Gamble, 1990), 
similar or perhaps aggravated changes may occur in diabetic myocardium given 
the depression of Ca2+ handling mechanisms, alteration in phospholipid 
contents of the SL (Makino et al., 1987; Pierce et al., 1983) and SR (Ganguly 
et al., 1983; Umezawa et al., 1989), and increased sensitivity of myofilament 
to Ca2+ (Ramanadham & Tenner, 1986; Ramanadham et al., 1990).
Another element of excitation-contraction coupling, the lat which is the 
influx of Ca2+ through the slow Ca2+ channels, also has a significant role in the
13
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provision of activational Ca2+. Contraction in rat myocardium is highly 
dependent upon the l,;; that is, the SR of the rat provides the majority of the 
activational Ca2+ (Bers, 1985) whereupon the release of SR Ca2+ may be highly 
dependent on the rate and change of the I.; around the SR (A. Fabiato, 1985).
In diabetic myocardium, the intracellular Ca2+ deficit may be largely a 
function of the reduced SR Ca2+ content (Bouchard & Bosd, 1991); however, 
the reported decrease in the number of slow Ca2+ channels of the diabetic SL 
(Lun Lee, Ostadalova, Kolar & Dhalla, 1992) may also affect SR Ca2+ release. 
Interestingly, Nobe et al. (1990) reported a longer action potential duration in 
diabetic cardiac tissue was likely a function of an enhanced lai, whereas, 
Magyar et al. (1992) maintained that the lai was unchanged. Whether or not 
the l.j is enhanced or attenuated, its contribution to the depressed myocardial 
twitch force mechanics in diabetes remains to be evaluated. The examination 
of possible differences in the lal of diabetic myocardium may be investigated 
using the principles of the force-frequency relationship since Lakatta and 
Spurgeon (1980) utilized this relationship to find that the lai may be length- 
dependent in control myocardium.
The force-frequency relationship defines that an increase in the 
stimulation rate causes a positive or negative force staircase to occur. Positive 
staircases are characteristic of ventricular preparations other than the rat (Bers, 
1991b), and the Na+ pump-lag hypothesis (Langer, 1983) is widely accepted 
as an explanation for the positive force-frequency relationship. The increase in
14
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Na+ from frequent stimulation cannot be removed quickly enough by the 
Na+/K+ pump preventing removal of the influxed Ca2+ through the slow Ca2+ 
channels by the Na+/Ca2+ exchanger and SL Ca24 ATPase resulting in a positive 
staircase. In contrast, the rat demonstrates a negative force-frequency 
relationship, although, this response appears to be highly conditional; that is, 
changes in substrate availability (Henry, 1975), oxygen availability (Paradise, 
Schmitter & Surmitis, 1981), tissue thickness of the preparation (Gulch & 
Ebrecht, 1987; Paradise et al., 1981), and width of the frequency range 
(Henry, 1975) can cause the staircase to be positive rather than negative.
The difference between species may be the result of the shortened 
action potential present in the rat (Bers, 1991b; Isenberg & Wendt-Gallitelli, 
1989; Spurgeon et al., 1988), and the slower recovery of SR Ca24 channels 
(Banijamali et al., 1991). The dependence of the rat on the SR for activational 
Ca2+ (Bers, 1985; Bers, 1991b; Mesaeli & Juggi, 1992) rather than the I,, for 
force generation would suggest that a negative staircase is a reflection of lower 
Sd Ca2+ release; whereas, a positive staircase is dependent upon the lti.
In order to focus on the slow Ca2+ channel and its contribution to 
possible changes in force generation, it is necessary to eliminate the 
contribution of Ca24 release from the SR. The addition of ryanodine, in low 
concentrations (less than 1 # M) (Bers, 1991b; Bers & Christensen, 1990; 
Lewartowski et al., 1990; Urthaler, Walker, Reeves & Hefner, 1989; Yu & 
McNeill, 1991a), renders the SR freely permeable to Ca24 eliminating its ability
15
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to store releasable Ca2+. Therefore, an increase in frequency would not cause 
a negative staircase but, rather, a positive staircase which would be dependent 
on the ltj given the inability of the SR to store activational Ca2+.
Any differences in the force-frequency staircases between control and 
diabetic papillary muscles after the exposure to ryanodine would most likely 
represent a change in the lti. Similarly, these positive staircases can also be 
used to examine the effect of length upon the lai, as Lakatta and Spurgeon 
(1980) have for control myocardium. The reported changes in the number of 
slow Ca2+ channels (Lun Lee et al., 1992) and the SL membrane phospholipids 
(Makino et al., 1987; Pierce et al., 1983) may contribute to alterations in the 
length-dependent properties of the slow Ca2+ channel.
Therefore, based on the current literature of the force-interval and length- 
tension relationships as well as the lt!, the purpose of this investigation will be 
to:
1. investigate the y phase of the force-interval curve of diabetic 
myocardium as well as the effect of length changes (100 and 95 
%Lnwx) upon the a, /? and y phases of diabetic and control papillary 
muscles.
2. examine and characterize the twitch characteristics of diabetic 
papillary muscles at 100 and 95 %Lmw.
3. use ryanodine, in conjunction with the force-frequency 
relationship, to establish if there is a difference between diabetic 
and control I.;. Length changes wilt also be included to examine 
if there is any effect upon the lai in either the controls or diabetic 
groups.
16
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Methods
Diabetic Model
Wistar (200-300g) rats were made diabetic with one tail vein injection 
of streptozotocin {Sigma, Lot 16F-0227), 65 mg/kg, dissolved in a 0.05 M 
citrate buffer at a pH of 4 .5 . Both control and diabetic rats were kept in an 
environmentally controlled room which had a constant temperature of 
approximately 23 degrees Celsius and 12 hours of light. Purina Rat Chow and 
water were provided ad libitum.
Diabetes was left uncontrolled for a minimum of 35 days before sacrifice 
was undertaken. Confirmation of diabetes was performed throughout the 
duration of the disease with Ames Ketodiastix, which tests for glucosuria. 
During the sacrifice, Ames Glucostix were used to confirm the presence of 
elevated blood glucose in a semi-quantitative manner; that is, the test was non­
specific in terms of quantity but confirmed elevated levels of blood glucose in 
the range of 400  mg/dl or greater.
To determine specific quantitative blood glucose values, blood was 
isolated from the chest cavity after removal of the heart. The blood was then 
centrifuged at 7000  RPM for 30 minutes in order to isolate the plasma. The 
plasma was then stored in the freezer until a convenient time could be found 
to use a Kodak Ektachem 700 {use of which was graciously allotted by Grace 
Hospital of Windsor, Ontario). 10 //I samples, half of that in the case of lipemic 
diabetic plasma samples since values greater than 800 mg/dl could not be
17
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recorded, were placed on Kodak Ektachem glucose assay slides and then placed 
in the Kodak Ektachem 700 for blood glucose quantification. Diabetes was 
considered to be present if the level of blood glucose was greater than 300 
mg/dl.
Muscle Preparation
The animal was anaesthetized with ether. An abdominal incision was 
then used to expose the viscera and 107 units of heparin per kilogram of body 
weight was injected through the inferior vena cavae. Exposure of the chest 
cavity followed in order to excise the heart. Once the heart was removed, it 
was placed in a modified Krebs-Henseleit (KH) buffer containing the following 
(in mM): NaCI, 117.1; KCI, 5.0; M gCI*6H20 , 1.2; Na2S 04, 2.4;
NaH2P 04*2 H 20 , 2.0; NaHCOa, 27.0; glucose, 10; CaCI2, 1.0. The buffer was 
previously oxygenated with 95 % 0 2/5 % C 0 2, at room temperature, for 30  
minutes to balance the pH to 7.4.
The heart was then cannulated, via the aorta, in a dissection chamber 
and perfused at a rate of 10 ml/minute. To arrest the heart, the KH perfusate 
for the dissection chamber contained 2,3 butane-dione-monoxime (Sigma, Lot 
41H 0154) at 3 mg/ml, which decreased the sensitivity of the myofilaments to 
Ca2* and had a direct inhibitory effect on cross-bridge interaction (Blanchard, 
Smith, Allen, & Alpert, 1990; Mulieri, Hasenfuss, Ittleman, Blanchard, & Alpert, 
1989). Using a dissecting microscope, the right ventricle was carefully cut
18
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open to expose the papillary muscles. Uniform and unbranched papillary 
muscles were used in all experimental preparations. Using the modified 
isolation technique for trabeculae of ter Keurs et al. (1980), a portion of the 
free wall and the valve were also included with the removal of the papillary 
muscle for mounting purposes. A hole was then punctured in the valve so that 
it could be attached to the force transducer. The muscle was then transferred 
to a muscle bath (specifications of which are found in Appendix A) mounted 
under a light microscope. The muscle bath contained KH buffer (26 degrees 
Celsius) at a flow rate of 10 ml/minute. The buffer was not recirculated, with 
the exception of ryanodine experiments, which was found to result in a more 
stable preparation. The muscle was placed in a cradle and gently guided 
through so that the valve portion was hooked onto a force transducer (the 
calibration curve of the Grass FT03 transducer is in Appendix B). The free wall 
end, in the cradle, was then positioned to allow a linear pull of force between 
the attachment of the valve and the papillary muscle resting in the cradle.
Stimulation was achieved by two platinum electrodes (attached to a 
Grass S6C stimulator) located on both sides of the muscle bath. Once the 
stimulation threshold was found, the voltage was set at 150 % of that value. 
The duration of the stimulation was set at 4 .20  ms. A minimal load was 
imposed upon the muscle for 60 minutes at a stimulation rate of 1 .0  Hz to 
allow equilibration of the muscle.
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Data recording
Force recorded by the transducer was amplified by a Grass preamplifier 
(7P122E). The resulting signal was converted to digital form using a 12-bit 
analogue-digital (A-D) converter. The sampling rate was set at 5 ms with each 
twitch curve representing a minimum of 128 data points for force-interval and 
twitch-curve results. Staircase data were collected at a sampling rate of 10 
ms.
Twitch-curve data collection
After the period of equilibration, the pacing frequency was reduced to 
0.2  Hz. The optimal length of the muscle, 100 %Lroax, was then set by slowly 
moving the cradle further away from the hook. The muscle was then given 
fifteen minutes to equilibrate before any data were collected. Shorter muscle 
lengths were estimated with an eyepiece reticle scale (Appendix C) located in 
the ocular of the compound microscope. Once again, a fifteen minute 
equilibration was given before any twitch curve data were collected.
The following characteristics were collected from the twitch curves: 
peak muscle force, positive and negative maximum rates of force development 
( ±  dF/dt), the ratio of positive and negative rates of force development ( +  S/- 
S); time to peak force (T0-T2) and maximal relaxation (T2-T4); time to peak ±  
dF/dt (T0-T1 and T2-T3). Force values were normalized and quantitatively 
expressed as millinewtons (mN) of force per millimetre squared (mm’) of
20
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muscle.
If at any time during data collection the preparation spontaneously 
contracted or exhibited an unstable baseline force production, it was discarded.
Force-interval data collection
After the collection of twitch curve data, 19 rest intervals (in seconds) 
were imposed at each length, 100 and 95 %LmBX, and used to construct a 
force-interval curve: 0 .40 , 0 .99 , 3 .00, 6 .00 , 11.00, 15.00, 37 .00 , 89.00,
100.00, 121.00, 130.00, 145.00, 163.00, 221.00, 298.00, 360.00, 501.00,
708 .00 , 891.00.
The beat before (control) and several subsequent beats (test) after the 
rest interval were recorded. A ratio of the last control beat before the rest 
interval to the first test beat after the rest interval (force/baseline) was used to 
calculate rest potentiation values. The average time to maximum potentiation 
was calculated from the highest potentiation values of the (J phases from each 
group, control and diabetic, at each length, 100 and 95 %LmaK.
To obtain a curved-linear force-interval plot, mathematical modelling has 
been previously used (Gamble, 1990; McComb, 1990; Schouten et al., 1987). 
Alternatively, a computer generated line of best fit was used in this study as 
other investigators have done (Arlock, Noble & Wohlfart, 1991; Ragnarsdottir 
et al., 1982) since this method is uncomplicated and similarly effective for 
representation of force-interval results.
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Measurement of the h
The optimal concentration of ryanodine required to render the SR 
incapable of accumulating Ca2+ has not been reported; however, investigators 
have consistently used between 1 jt/M and 1 nM (Banijamali et al., 1991; Bers, 
1991b; Bers & Christensen, 1990; Lewartowski et al., 1990; Urthaler et al., 
1989; Yu & McNeill, 1991b). Following the addition of ryanodine, it is 
necessary to allow the muscle to equilibrate since the depression in muscle 
force becomes progressively greater with time. This period of equilibration is 
normally one hour after which no significantly greater negative inotropy occurs 
{Urthaler et al.f 1989). This period of equilibration, though, can be accelerated 
by increasing the frequency from 0 .2  to 1.0 Hz (Banijamali et al., 1991). After 
30 minutes, the frequency was reduced from 1.0 to 0 .2  Hz. A twitch curve 
was then collected to assess the negative inotropic effect of ryanodine.
Since any increase in frequency will cause a staircase, it would be 
preferable to use increases which produce enough data points before a steady 
state is reestablished (Bos6 et al., 1988). Bos6 et al. (1988) examined four 
different frequency changes in dog trabeculae after the application of 
ryanodine: 1.67, 2.5, 3 .33  and 5 Hz from a pacing frequency of 0 .5  Hz. 
Given that the contribution of the to activational Ca2+ in the rat is rather 
minute (Bers, 1985), the use of higher frequency changes would produce 
staircases with enough amplitude and data points for easier data analysis.
Using 0 .5  Hz as the baseline, the following frequencies were applied to
22
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both controls and diabetics after the equilibration period with ryanodine had 
stabilized: 1.67, 2.5, 3.33, and 5.0 Hz. After the imposition of an increase in 
frequency, the muscle was returned to the baseline frequency of 0 .5  Hz and 
allowed to reach a steady state before another frequency was tested. After 
testing these frequencies at 100 %Lmax, the muscle length was reduced to 95 
%Lm„  and allowed to equilibrate for 15 minutes before any changes in test 
frequency.
As Lakatta & Spurgeon (1980) had done, comparison of staircase data 
were accomplished by assessing the number of beats it took to reach 25, 50, 
75 and 98%  of the maximum amplitude for each staircase.
Statistical Analysis
For the twitch curve, force-interval, and lti data, one-way analyses of 
variance (ANOVA), with repeated measures, between and within subjects were 
performed. The significance level was set at p <  0 .05.
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Results
Animal Morphology
After injecting streptozotocin, animals were periodically monitored for 
symptoms of the chronic diabetic condition during the minimum waiting period 
of 35 days. The condition of chronic diabetes was confirmed in animals that 
displayed polyuria, polyphagia, polydipsia, lethargy and glucosuria. More 
specifically, Table 1 indicates that the diabetic group had significantly lower 
body weights and an average weight loss of 11.86 % during the post-injection 
period before sacrifice. Furthermore, the blood glucose of the diabetic group 
was significantly greater than the control group. Morphology for both control 
and diabetic subjects are found in Appendices D and E respectively.
Force and Temporal Indices of Twitch Curve
in addition to the evidence provided by animal morphology, the control 
and diabetic twitch curve indices were also used to verify the presence of 
chronic diabetes. At both 100 and 95 %Lnwx, the diabetic group, compared to 
the control group, demonstrated significant depressions in the maximal rate of 
force development (+dF/dt) and relaxation (-dF/dt), normalized for cross- 
sectional area (Table 2), and significant prolongation in the time to +  dF/dt (TO­
T H , time to peak muscle force (T0-T2), time to -dF/dt (T2-T3), and time for 
relaxation (T2-T4) (Table 3). The raw data for the force and temporal indices
24
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Table 1
Morphological Characteristics of Control and Diabetic Rats
Characteristic Control Diabetic
Initial BW 255
(g) ±  6
Final BW 275 ’ 228
(g) ±  5 ±  5
Average % of 11.861
Weight Loss ±  3.065
Blood Glucose 20 5 .9 98 ’ 640.125
(mg/dl) ±  6 .833 ±  27 .586
Note, n = 10 for each group. Values are 
means ±  SE. p <  0 .05  between 
controi and diabetic groups (*}. BW =  
body weight.
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Table 2






95%  I™ 100%
1-max
95%
Peak Force 12.240* 7.329 9.283* 6 .267
ImN/mm2) ±  1.685 ±  1.314 ±  0.911 ±  0 .483
+  dF/dt 150.061** 109.015* 84.345* 63 .398
{mN/sec/mm2) ±  16.789 ±  13.331 ±  6.438 ±  4 .313
-dF/dt 105.394** 79.774* 55 .886 44.891
(mN/sec/mm2) ±  12.457 ±  9 .474 ±  5 .236 ±  3 .75
+  S/-S 1.505 1.408 1.576 1.451
±  0 .569 ±  0 .315 ±  0 .369 ±  0 .256
CSA (mm2) 0 .1526  ±  0 .0157 0 .1437  ±  0 .0 2 6 7
Note, n =  10 for each group. Values are means ±  SE.
*  significance between 100 and 95 %Lmax of the control group, 
p <  0 .05 .
t  significance between 100 and 95 %Lmax of the diabetic group, 
p <  0 .05 .
♦ significance between the control and diabetic groups at 100  
and 95 %LrTHOt, p <  0 .05 .
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Table 3









“̂ m a x
95%
i-m a x
TO -T 1 62.0** 54.5* 85.0* 69.0
(msec) ±  3.8 ±  2.3 ±  4 .8 ±  3.3
T 0 - T 2 141.0** 119.0* 203.0* 168.0
(msec) ±  8.3 ±  6.3 ±  10.7 ±  3.8
T 2 - T 3 77 .5 ’ * 61.5* 145.0* 111.0
(msec) ±  8.2 ±  7 .2 ±  14.5 ±  3.1
T 2 - T 4 261 .0 ’ * 199.0* 362.0* 282.0
(msec) ±  25.9 ±  19.9 ±  28 .0 ±  15.1
Note, n =  10 for each group. Values are means ±  SE.
*  significance between 100 and 95 %Lmax of the control group, 
p <  0.05.
t  significance between 100 and 95 %Lmax of the diabetic group, 
p <  0.05.
t  significance between the control and diabetic groups at 100 
and 95 %Lnwx, p <  0 .05 .
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of both control and diabetic groups can be found in Appendices F, G, H and I. 
Other diabetic studies have reported a significant depression in papillary 
(McComb, 1990) and trabeculae (Bouchard & Bos6, 1991) peak muscle force, 
however, the results of this study are consistent with other investigations that 
have observed significant alterations of force and temporal indices without a 
significant depression in peak muscle force (Fein et al., 1980; Nobe et al., 
1990; Takeda et al., 1988). Therefore, the changes in animal morphology, and 
alterations of twitch and temporal indices provide evidence that chronic 
diabetes was achieved.
The reduction of muscle length from 100 to 95 %Lmax demonstrated 
several significant effects upon twitch (Table 2) and temporal (Table 3) indices 
of both the control and diabetic groups. The effect of length upon the twitch 
curve can be seen in the overlay of control (Figure 3) and diabetic (Figure 4) 
muscle twitches.
In the control group, the twitch indices of peak muscle force, +  and - 
dF/dt were significantly lower upon a reduction in length to 95 %Lmax. Only the 
ratio of the maximal rates of contraction and relaxation (+ S /-S ), which may 
indicate whether length has a uniform effect upon contraction and relaxation 
processes (Gamble, 1990), did not significantly differ during a reduction in 
muscle length. All of the temporal parameters of contraction (T0-T1 and T0- 
T2) and relaxation (T2-T3 and T2-T4) were also significantly reduced at 95
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Figure 3. An overlay of a typical control muscle twitch for 100 and 95 %Lm« 







Figure 4. An overlay of typical diabetic muscle twitch for 100 and 95 %Ltnw 
at a frequency of stimulation 0.2 Hz. The Ca2* concentration was 1.0 mM.
29
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Similarly in the diabetic group, the twitch indices of peak muscle force 
and + dF/dt, and temporal indices, T0-T1, T0-T2, T2-T3 and T2-T4, were 
significantly lower upon a decrease in muscle length. Again, the ratio of +  S/-S 
did not significantly differ, however, -dF/dt was also insignificantly affected by 
the reduction in muscle length unlike the control group.
Force-interval Data
To clarify the expression of the three different force-interval phases, data 
were plotted as a force/baseline ratio versus log time of the rest interval, and 
a non-linear line was used to produce a line of best fit. At 100 the
force-interval curve of the control group {Figure 5) demonstrated three distinct 
phases, as previously reported, corresponding to the a, fi (Ragnarsdottir et al., 
1982; Gamble, 1990) and y {Schouten et al., 1987; ter Keurs et al., 1989). 
Similarly, the force-interval curve of the diabetic group {Figure 5) displayed 
three distinct phases and when compared to control data, as previously 
reported {McComb, 1990; Yu & McNeill, 1991a), showed a significant 
depression in the fi and y phases. The a phase, although not significantly 
different between the control and diabetic groups, was slightly more 
potentiated, as McComb {1990) observed, rather than depressed, as Yu and 
McNeill {1991a) found.
The reduction of the muscle length to 95 %Lmw (Figure 6) also caused 
a similar triphasic expression of the force-interval curve in the control group as
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Figure 5. Fitted force-interval curves of control and diabetic muscles plotted 
on a logarithmic x-axis at 100 %Lmix. n = 5. (*) p < 0.05. Points represent 
means ±  SE.
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0.10 1.00 10.00 
Rest Interval (sec)
1000100.00
Figure 6. Fitted force-interval curves of control and diabetic muscles plotted 
on a logarithmic x-axis at 95 %LWW. n = 5. (*) p <  0.05. Points represent 
means ± SE.
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Gamble (1990) previously reported. Furthermore, the diabetic group also 
maintained a triphasic expression upon a reduction in length to 95 
although both the /? and y phases remained depressed (Figure 6). The raw data 
of control and diabetic groups, for 100 and 95 ^oL^, can be found in 
Appendices J, K, L and M.
The reduction of muscle length in the control group, from 100 to 95 
^oL^, demonstrated a length-dependent effect upon the force-interval 
relationship (Figure 7). The a phase was not significantly affected by length 
but was slightly greater at 100 %Lmax as Gamble (1990) had observed. Both 
the jff and y phases were significantly greater at 95 %Lmax, as Gamble (1990) 
had also observed, suggesting a length-dependent effect upon the exchange 
compartment.
In contrast to the control data, the force-interval relationship of the 
diabetic papillary muscles did not demonstrate any significant changes with a 
reduction in muscle length (Figure 8), and this suggests that Ca2+ handling 
mechanisms may be insensitive to length changes. The a phase, though, 
demonstrated slightly greater potentiation at 100 %Lmax as control muscle did.
In Table 4 , the mean time to peak potentiation was found to 
significantly, p <  0 .05 , increase in the control group upon a reduction in 
muscle length, whereas, there were no significant differences in the diabetic 
group further suggesting that the exchange compartment of control muscle is 
length-dependent and that of diabetic muscle is not. The mean time to peak
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Figure 7. Fined force-interval curves of 100 and 95 %Lm« plotted on a 
logarithmic x-axis for control muscles, n = 5. (*) p <  0.05. Points represent 
the means ±  SE.
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Figure 8. Fitted force-interval curves of 100 and 95 %LmM plotted on a 
logarithmic x-axis for diabetic muscles, n = 5. (*)p <  0.05. Points represent 
means ±  SE.
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Table 4
Mean Time to Peak Potentiation of Control and Diabetic Subjects.
Group 100 %Lmax 95 %1-max
Control 114.6 ±  6,4** 137.6  ±  4 ,98*
Diabetic 59.8 ±  19.6 85 .0  ±  13.5
Note, n =  5 for each group. Values are means ±  SE.
*  significance between 100 and 95 %Lmin, in the control 
group, p <  0 .05 .
t  significance between 100 and 95 %L„WX in the diabetic 
group, p <  0 .05 .
t  significance between the control and diabetic groups at 
100 and 95 %Lnwx, p <  0 .05 .
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potentiation was also found to be significantly, p < 0 .05, reduced in the 
diabetic group, compared to controls, by approximately 47 % at TOO %Lmn, and 
38 % at 95 % lmax.
Force-Freouencv Data
To investigate the effect of diabetes and length upon the lti, ryanodine, 
at a concentration of 1 /uM, was added to the KH buffer. After a 30 minute 
period of equilibration at 1.0 Hz, the frequency was reduced to 0 .2  Hz in order 
to collect ryanodine-treated twitch curves which could be compared with pre­
treatment twitch curve results. Both the ryanodine-treated muscle force and 
the percentage of peak muscle force for the control and diabetic groups (Table 
5) were not significantly different; however, these parameters were, 
nonetheless, greater in the diabetic group (the raw data can be found in 
Appendix N).
Using a pacing frequency of 0 .5  Hz, four different frequencies (1.67, 
2 .50 , 3 .33  and 5 .00  Hz) at two different lengths (100 and 95 %Lmw,) were 
examined in both the control and diabetic groups. Two differing lengths were 
used to also investigate whether length-dependent differences exist. The 
typical effect of an increase in frequency can be seen in the following figures 
for ryanodine-treated control, at 100 (Figure 9) and 95 %Lnwx (Figure 10), and 
ryanodine-treated diabetic, at 100 (Figure 11) and 95 %Lmix (Figure 12), 
muscle.
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Table 5
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±  2 .182
Note, p <  0.05 between the control and diabetic 
group ($}. n =  5. Means ±  SE. Frequency was 
0 .2  Hz. PRT =  Pre-Ryanodine-Treated, RT =  
Ryanodine-T rested.
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20
C o n t r o l  
100 %L.
0 Tiae (seconds) 26.08
Figure 9. A typical effect of increases in stimulation frequency upon a
ryanodine-treated (1j#M) control muscle at 100 % i The arrow indicates the
change in frequency from a pacing frequency of 0.5 Hz to (1) 5.00, (2) 3.33, 
(3) 2.50, (4) 1.67 Hz.
39
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
C o n tro l
20.
Figure 10. A typical effect of increases in stimulation frequency upon a 
ryanodine-treated (1 //M ) control muscle at 95 %Lmai. The arrow indicates a 
change in frequency from the pacing frequency of 0.5 Hz to (1) 5.00, (2) 3.33, 
(3) 2.50, (4) 1.67 Hz.
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------------ 1--------------------------- 1--------------------------- 1--------------------=H----------------------------1—
Tiae (seconds) 20.80
Figure 11. A typical effect of increases in stimulation frequency upon a 
ryanodine-treated (1 pM) diabetic muscle at 100 %Lmaa. The arrow indicates 
a change in frequency from the pacing frequency of 0.5 Hz to (1) 5.00, (2) 
3.33, (3) 2.50, (4) 1.67 Hz.
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D iabet. i c  
95 %f..iT
Tine (seconds)
Figure 12. A typical effect of increases in stimulation frequency upon a 
ryanodine-treated (1 #/M) diabetic muscle at 95 %Lmaa. The arrow indicates a 
change in frequency from the pacing frequency of 0.5 Hz to (1) 5.00, (2) 3.33, 
(3) 2.50, (4) 1.67 Hz.
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The resulting positive staircases were compared by the number of beats 
it took to reach 25, 50, 75 and 98 % of the relative force of each staircase 
(the raw data appear in appendices 0 , P, Q, and R). There were no significant 
differences between the positive staircases for control and diabetic data at 100  
%Lm« . At 95 %Lmax, there were no significant differences either (Table 6). 
Upon closer inspection of the data, it is interesting to note that over 75 % of 
the comparisons between the control and diabetic groups, at both 100 and 95 
%Lmax, showed that the diabetic group required fewer beats to attain the same 
relative percentage of staircase force for all frequencies.
Upon a reduction of muscle length in the control group, a significant 
difference could only be detected at 25 % of the relative staircase force for 
2 .50  Hz. Interestingly, the results appear to be frequency-dependent. That is, 
at the higher frequencies, 5.00 and 3 .33 Hz, a greater number of beats are 
required to reach relative percentages of staircase force at 95 %Lmw. 
Conversely, at the lower frequencies, 2 .50  and 1.67 Hz, 100 %UmM needed 
more beats to achieve the same relative percentages of staircase force.
in the diabetic group, a reduction in muscle length caused a significant 
decrease in the number of beats required to attain 25, 50 and 75 % of the 
relative percentages of peak staircase force when stimulated at 1 .67 Hz (Table 
6). Similarly, the frequency-dependencethat was apparent in the control group 
seems to also occur in the diabetic group, although the differences between 
lengths do not seem to be as large in the diabetic group.
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Table 6




Control 100 %L„,ax Diabetic 100 %Lmjo<
Frequency (Hz) Frequency (Hz)




































































Control 95 %Lmax Diabetic 95 %Lmax
Frequency (Hz) Frequency (Hz)

































































sJote. n ues represent means ±  SE. ftSF -  relative
staircase force.
*  significance between 100 and 95 %Lmax of the control group, p <  0 .05 . 
t  significance between 100 and 95 %Lnwx of the diabetic group, p <  0 .0 5 .
*  significance between the control and diabetic groups at 100 and 95 %Lmax, 
p <  0 .05 .
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Discussion
Twitch Curve Analysis
The pathological condition of diabetes has been shown to significantly 
depress the contractile function of isolated whole hearts (Bielefeld et al.( 1983; 
Litwin et al., 1990; Penpargkul et al.( 1980; Vadlamudi et al., 1982), isolated 
papillary (Fein et al., 1980; McComb, 1990; Nobe et al., 1990; Takeda et al., 
1988; Yu & McNeill, 1991a) and trabeculae (Bouchard & Bos6, 1991) 
preparations. in this study, diabetic papillary muscles demonstrated 
significantly depressed maximal rates of contraction and relaxation (Table 2), 
and prolonged time to peak force, time to relaxation, times to the maximal rate 
of contraction and relaxation (Table 3). The alteration of twitch and temporal 
parameters may be a function of changes in the myofilaments and/or abnormal 
cellular Ca2+ homeostasis associated with excitation-contraction coupling.
The myosin isoenzyme pattern of diabetic myocardium has been found 
to shift from VM-1 to VM -3 (Dillman, 1980; Takeda et al., 1988). The VM -3  
pattern is composed of a slow-slow myosin dimer, rather than fast-fast as in 
V M -1, which reduces the myosin ATPase rate (Bers, 1991b). Therefore, a 
reduction in the myosin ATPase rate, which would slow the interaction of the 
myofilaments, may be responsible for the depression of twitch and prolongation 
of temporal parameters. The myofilaments, however, are also dependent on 
Ca2+ for activation. Given that diabetes has a significant effect upon Ca2+
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handling mechanisms, alterations in the provision and/or removal of Ca2+ to and 
from the myoplasm, respectively, could also affect contractile function.
Initially, investigators attributed depressed contractile function of diabetic 
myocardium to the possibility of an intracellular Ca2+ overload {Afzal et al., 
1988; Dhaila et al., 1982). Indeed, there have been reports of higher 
myoplasmic Ca2+ (Alio et al., 1991; Lopez et al., 1988), and such a condition 
would compromise cellular integrity and energy production (Bers, 1991b). The 
elevation of myoplasmic Ca2+ causes an increase in protease, phospholipase 
and lysomal activity (Dhalla et al., 1982) which could affect cellular integrity. 
Furthermore, the mitochondria, which are responsible for cellular energy 
production, are able to accumulate large amounts of Ca2+, however, this 
diminishes its capacity to produce energy and also risks its integrity (Bers, 
1991b).
In contrast, 45Ca2+ isotope studies (Horackova & Murphy, 1988), Fura-2 
measurements (Noda et at., 1992) and RCCs (Bouchard & Bos6, 1991} have 
demonstrated that cellular Ca2+ content may be depressed. Furthermore, the 
improvement of 0  phase rest potentiation of diabetic papillary muscle with a 
reduction in extracellular Na+ (McComb, 1990) and of contractile function with 
an elevation in extracellular Ca2+ (Bouchard & Bos6, 1991} also suggests that 
an intracellular Ca2+ deficit exists.
Intriguingly, Magyar et al. (1992) suggested that myoplasmic Ca2+ may 
be slightly elevated, but a total intracellular Ca2+ deficit existed largely as a
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result of lower SR Ca2+ content. Since contraction in the rat is highly 
dependent on the SR for activational Ca2+ (Bers, 1991b), a reduction in SR 
Ca2+ content of diabetic myocardium would decrease activational Ca2+ and, 
consequently, adversely affect twitch force characteristics.
The significant prolongation of temporal relaxation indices, the time to 
the maximal rate of relaxation and the time to relaxation, may also be a 
consequence of this abnormal cellular Ca2+ homeostasis. Reductions in the 
sequestration of Ca2+ by the SR Ca2+ uptake pump (Ganguly et al., 1983; 
Lopaschuk, Katz & McNeill, 1983), and Ca2+ extrusion by the Na+/Ca2+ 
exchanger (Makino et al., 1987) and the SL Ca2+ ATPase (Heyliger et al., 
1987; Ku & Sellers, 1982) would likely cause the removal of myoplasmic Ca2+ 
to be slowed. This could cause tension to be maintained for longer periods 
explaining the prolongation of temporal indices as well as the reports of 
elevated myoplasmic Ca2+.
As twitch curve characteristics were adversely affected at 100 %Lm,x, 
the reduction of the diabetic papillary muscle length to 95 %Lmax caused, 
similarly, the significant depression, compared to controls, of twitch, maximal 
rates of contraction and relaxation (Table 2), and prolongation of temporal, time 
to peak force, time to relaxation, time to maximal rate of contraction and 
relaxation (Table 3), characteristics. Therefore, if a cellular Ca2+ deficit exists 
and myoplasmic Ca2+ removal is slowed, abnormal Ca?+ homeostasis as well 
as a reduction in the myosin ATPase rate may account for the depression of
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twitch and prolongation of temporal diabetic indices at both 100 and 95 %Lma)t 
in this experiment.
In addition to using twitch curve analysis to verify the presence of and 
infer that dynamic changes in cellular function have occurred as a result of 
diabetes, the twitch curve data of this study were also used to examine the 
existence of length-dependent cellular processes in diabetic myocardium as 
Gamble (1990) had done in control myocardium.
The reduction of diastolic muscle length, in control myocardium, 
reportedly causes muscle force to decrease more so than can be explained by 
physical factors alone (Lakatta, 1987). Skinned muscle cell preparations, 
however, revealed the possibility that cellular Ca2+ handling mechanisms, in 
this case the SR Ca2+ loading and/or release, may be length-dependent (A. 
Fabiato & F. Fabiato, 1975; A. Fabiato, 1980). The use of fundamental 
relationships in intact cells, though, have shown that the length-dependent 
regulation of Ca2+ may not only exist for the SR (Pogessi et al., 1984), but for 
the slow Ca2+ channel (Lakatta & Spurgeon, 1980) and the Na+/Ca2+ 
exchanger (Gamble, 1990). Furthermore, Ca2+ transient studies have 
demonstrated that the binding of Ca2+ to the myofilaments during relaxation 
may be length-dependent (Allen & Kurihara, 1982; Kentish et al., 1988). 
Twitch curve analysis (Gamble, 1990; Gamble, Taylor & Kenno, 1992) has 
been used to corroborate such a possibility, as well as, infer the existence of 
both contractile and relaxation length-dependent processes. In the present
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study, twitch curve analysis seems to indicate that the length-dependent nature 
of diabetic myocardium may be altered.
Gamble et al. (1992) suggested, in control myocardium, that the 
significant decline in the maximal rates of contraction and relaxation, upon a 
reduction in muscle length, are indicative of length-dependent contraction and 
relaxation processes. In this study, both the maximal rates of contraction and 
relaxation, of control muscle, were significantly reduced upon a reduction in 
muscle length (Table 2) supporting the observation of Gamble (1990) that 
contractile and relaxation processes are length-dependent.
In diabetic muscle, the maximal rate of contraction significantly 
decreased when length was reduced inferring length-dependence of the 
contractile processes; however, the maximal rate of relaxation was not 
significantly reduced (Table 2). Fein et al. (1980), however, were unable to 
demonstrate a significant effect of length upon the maximal rate of relaxation 
in the diabetic or control group. The differences between these studies may 
be the result of ? higher extracellular Ca2* concentration (2 .4  mM) used by Fein 
et al. (1980). This high level of extracellular Ca2+ may be saturating one or 
more of the Ca2+ handling mechanisms (Hofmann 8i Fuchs, 1987) consequently 
masking any length effects. By using a lower extracellular Ca2+ concentration 
(1 .0  mM) as Gamble (1990) reported, the present investigation allowed the 
differences in twitch characteristics, as a result of a reduction in muscle length, 
to be attributed to Ca2+ activational factors rather than physical factors.
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Interestingly, Fein et al.'s (1980) diabetic twitch results demonstrate that 
physical factors, as in control muscle (Allen et al., 1988; ter Keurs et al., 
1980), do not contribute significantly to the change of diabetic muscle force 
upon a reduction in muscle length.
The cellular processes that contribute to contraction and relaxation may 
not be uniformally affected by length as Gamble et al. (1992) demonstrated by 
observing a significant effect of length upon the ratio of the maximal rates of 
contraction and relaxation (+  S/-S). In the present investigation, the ratio of the 
maximal rates of contraction and relaxation was unaffected by muscle length 
suggesting that there is a preserved coupling of contraction and relaxation 
processes when muscle length is changed. This discrepancy in control data 
cannot be explained at present; however, the lack of a change in the ratio for 
diabetic muscle, upon a reduction in length, may be partially attributed to 
reported changes in Ca2+ handling mechanisms associated with diabetes. It 
seems difficult, though, to explain that a coupling between contraction and 
relaxation processes exists based on this ratio given that a reduction in diabetic 
muscle length caused a significant decrease in the maximal rate of contraction 
and not the maximal rate of relaxation as well. It seems likely that more than 
one cellular process is affected but which processes and in what manner are 
beyond the scope of this study.
The suggestion that cellular processes may be length-dependent has 
been demonstrated with twitch parameters; yet, temporal parameters seem to
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also provide indications of length-dependent cellular processes. More 
specifically, Gamble (1990) found that the time to the maximal rate of 
contraction was not significantly altered by a reduction in muscle length; 
whereas, the time to the maximal rate of relaxation and the time for complete 
relaxation were significantly decreased as muscle length was reduced. This 
result seems to agree with Ca2+ transient studies (Allen & Kurihara, 1982; 
Kentish et al., 1986) that support the notion that processes associated with the 
rise in Ca2+ transient during contraction remain unchanged at shorter muscle 
lengths, but that during relaxation the Ca2+ transient increased at reduced 
muscle lengths. These results imply that if an increase in the affinity of 
myofilaments for Ca2+ occurs, there may be a slower dissociation of Ca2+ at 
longer muscle lengths which could explain not only the greater tension but 
longer temporal relaxation times as well.
Similarly, this study found the time to the maximal rate of relaxation (T2- 
T3) and complete relaxation (T2-T4) were significantly lower upon a reduction 
in muscle length (Table 3), therefore, confirming that the possible dissociation 
of Ca2+ from the myofilaments is likely length-dependent. The time to the 
maximal rate of contraction, however, was also significantly lower unlike the 
temporal twitch curve results of Gamble (1990). The evidence of other 
investigators (Allen & Kurihara, 1982; Kentish et al., 1988) suggest that 
provisional Ca2+ mechanisms and the myofilaments involved in the rise of the 
Ca2+ transient are not length-dependent. At present, there does not seem to
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be a reasonable explanation for this discrepancy, although, it may be 
appropriate for future investigations to continue the collection and analysis of 
twitch curve indices in order to judge their appropriateness as a msans of 
supporting the results from more complicated experiments.
As in the control group, all temporal parameters in the diabetic group 
were also found to significantly decrease upon a reduction in muscle length 
(Table 3). It is possible that there may be a length-dependence of not only the 
dissociation of Ca2+ from the myofilaments but of the association of Ca2+ to 
the myofilaments as well. There have been reported changes in the myosin 
isoenzyme distribution (Diliman, 1980; Takeda et al., 1988) and an increased 
Ca2+ sensitivity of the myofilaments (Ramanadham & Tenner, 1986; 
Ramanadham, Doroudian & McNeill, 1990) which may signify that intrinsic 
changes have occurred affecting the length-dependent interaction of the 
myofilaments with Ca2+.
The differences in the temporal parameters as length was reduced were 
much larger in the diabetic group than the control group which could be a 
function of the previously noted changes to the myofilaments as well as 
deleterious effects upon myofilament structure. It may be possible in future 
investigations to adapt the novel approach used by Babu, Sonnenblick and 
Gulati (1988) which compared skeletal and cardiac TnC by substituting the 
respective forms of TnC into the opposite type of myofilaments. Similarly, this 
approach may be used to investigate whether diabetes affects the intrinsic
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properties of TnC, as well as, the structure and function of the myofilaments.
Thus, the pathological condition of diabetes seems to not only affect 
contractile function of the muscle but its length-dependent nature as well. 
More than one cellular process is likely affected since there is a significant 
decrease in the maximal rate of contraction with a reduction in length but not 
in the maximal rate of relaxation nor the +S/-S ratio. Furthermore, the 
significant decrease of all temporal parameters upon a reduction in muscle 
length also suggests that length-dependence of cellular contractile and 
relaxation processes exist. It is possible that the reported changes in Ca2+ 
sensitivity of the myofilaments and/or myosin isoenzyme distribution could 
affect the length-dependent interaction of the myofilaments with Ca2+.
Force-interval Relationship
A two compartment model, uptake and release, were developed to 
explain the time-dependent transfer of Ca2+ during rest decay (Ragnarsdottir et 
al., 1982); however, this could not explain rest potentiation in rat myocardium. 
The current modelling of the force-interval relationship, which includes a third 
"exchange" compartment responsible for the transport of Ca2+ between the cell 
and the extracellular space, seems to explain the time-dependent transport of 
Ca2+ by cellular mechanisms, the SR and the Na+/Ca2+ exchanger, in both rest 
potentiation and decay (Schouten et al., 1987).
The force-interval curve, when force/baseline ratios are plotted versus log
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time, can be separated into three distinct phases, a, fi and y, which reflect the 
time-dependent cellular handling of Ca2+ by various mechanisms. Biochemical 
studies of chronic diabetic hearts have demonstrated significantly depressing 
effects upon cellular mechanisms, yet, there was still a triphasic expression of 
the force-interval curve; however, the curve, compared with control muscle, 
was significantly depressed at 100 %Lmax, with the exception of the a phase 
(Figure 5).
There were no significant differences between the a phases of the 
control and diabetic groups; yet, the diabetic group demonstrated slightly 
greater potentiation, as McComb (1990) observed, whereas, Yu and McNeill 
(1991a) observed a slight depression. Interestingly, McComb (1990), who 
performed a mathematical analysis of the diabetic force-interval curve, found 
the capacity of the a phase to increase by almost 30 % versus controls, 
however, this was the result of the decreased capacity of the fi phase and did 
not represent any increase in the transfer of Ca2+ during the a phase. Thus, 
the a  phase in the diabetic group does not appear to be much different than 
that of the control group in spite of the reported decrease in SR Ca2+ uptake 
(Ganguly et al., 1983; Lopaschuket al., 1983) and content (Bouchard & Bos§, 
1991).
The fi phase, which represents the transfer of Ca2+ between the 
exchange and release compartment, was significantly depressed and 
comparable to previous investigations (McComb, 1990; Yu & McNeill, 1991a).
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The fi phase depression reportedly resulted from a decreased SR Ca2+ uptake 
(Ganguly et al., 1983; Lopaschuk et al., 1983) reducing SR Ca2+ content (Vu 
& McNeill, 1991a) and/or reduced Na+/Ca2+ exchanger function (Makino et al., 
1987) attenuating the influx of Ca2+ (McComb, 1990).
Likewise, the y phase potentiation was also significantly depressed and 
comparable to the study of Yu and McNeill (1991a), even though Yu and 
McNeill (1991a) used a higher pacing frequency (1.0 Hz) and Ca2+ 
concentration (2.2 mM). Normally such increases in frequency and Ca2+ 
concentration would elevate the amplitude of the force-interval curve (Schouten 
et al., 1987); however, these changes may not affect the diabetic force-interval 
relationship given the reduction in SR Ca2+ uptake (Ganguly et al., 1983; 
Lopaschuk et al., 1983), likely resulting in the reduction of SR Ca2+ content 
(Bouchard & Bos6, 1991), and the depression of the Na+/Ca2+ exchanger 
(Makino et al., 1987).
Rest decay during the y phase is normally a function of the passive leak 
of Ca2+ from the SR, as a result of the concentration gradient between the SR 
and the myoplasm, being effluxed from the cell by the Na+/Ca2+ exchanger 
(Banijamali et al., 1991). Given that there is a significant depression in the fi 
phase, the significant depression of the y phase would be dependent on the 
accumulation of Ca2+ in the release compartment during the fi phase. The 
reduction in the Na+/Ca2+ exchanger activity (Makino et al., 1987) and SR Ca2+ 
uptake (Ganguly et al., 1983; Lopaschuk et al., 1983) would also decrease the
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Y phase response. Furthermore, the resulting decrease in SR Ca2+ content 
would, thereby, reduce the concentration gradient between the SR and 
myoplasm resulting in a decrease of the passive leak of Ca2+. This may explain 
the much less dramatic change in the rest potentiation of the diabetic group 
following the fi phase compared to that seen for the control group (Figure 5). 
Additionally, the passive leak of Ca2+ may be affected by the altered 
phospholipid composition of the SR (Ganguly et al., 1983; Umezawa et al., 
1989), yet, such an effect remains to be proven.
Unlike the predictions of the model of Schouten et al. (1987), both the 
control and diabetic y phase potentiation values of this study, as well as Yu and 
McNeill's (1991a), did not approach zero. Interestingly Schouten et al. (1987) 
remarked that despite the predictions of the model of approximately zero 
potentiation after 15 minutes, significant rest potentiation was still present 
even after 20 minutes. It is possible that a passive SL Ca2+ leak into the cell 
from the extracellular space, as a result of the concentration gradient between 
the myoplasm and the extracellular space (Bers, 1991b), could contribute to 
rest potentiation values after extremely long diastolic intervals.
Similar to the results at 100 %LnMX, a reduction in the diastolic length to 
95 %Lmax caused the a phase of diabetic muscle to be slightly greater and both 
the fi and y phases were significantly depressed compared to the control group 
(Figure 6). Therefore, the significant depressions, at both 100 and 95 %Ltnax, 
of the fi phase may be attributed to reductions in Na+/Ca2+ exchanger activity
56
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and a decreased SR Ca2+ content while the significant depression of the y 
phase would seem to be a function of the reduced SR Ca2+ loading during the 
/? phase.
The reduction in diastolic length, from 100 to 95 %Lm#x in this study, 
allowed the investigation of lengih-dependence of cellular Ca2+ handling 
mechanisms for both control and diabetic papillary muscles. The length- 
dependent nature of SR Ca2+ loading and/or release was initially implied with 
work on non-physiological skinned preparations {A. Fabiato & F. Fabiato, 1975; 
A. Fabiato, 1980). Pogessi et al. (1984), however, successfully used post- 
extrasystolic potentiations in intact myocardial cells to infer that the SR Ca2+ 
loading and/or release may be length-dependent. Similarly, the time-dependent 
transfer of Ca2+ in the force-interval relationship also provided an investigative 
method for examining the length-dependence of several cellular Ca2+ handling 
mechanisms, the SR and the Na+/Ca2+ exchanger, as Gamble (1990) 
demonstrated in control myocardium.
In control muscle, the reduction of diastolic muscle length from 100 to 
%Lmax caused the a  phase to decrease slightly although not significantly 
(Figure 7). Gamble (1990) had reported a similar reduction in the a phase and 
suggested that this may reflect length-dependence of the uptake, transfer 
and/or release of Ca2+ from the SR.
The significantly greater potentiation of the (i phase, at 95 %Lm„ , is in 
agreement with what has been previously reported (Gamble, 1990). The
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increase in potentiation may be the result of an increased myoplasmic 
availability of Ca2+ via an enhanced exchange compartment handling of Ca2+ 
in order to compensate for the reduction in myofilament sensitivity and SR Ca2+ 
loading and/or release when muscle length is shortened (Gamble, 1990). Even 
though potentiation was found to be significantly greater at 95 %Lmax, absolute 
values of force production were relatively less than 100 %Lmax.
The length-effect upon the /? phase suggests that the Na+/Ca2+ 
exchanger and/or the Na+/K+ ATPase pump may be affected. It is possible that 
the Na+/Ca2+ exchanger may enhance its function, at shorter muscle lengths, 
to increase Ca2+ influx as Gamble (1990) demonstrated by increasing the Ca2+ 
concentration to 2.5 mM. The Na+/Ca2+ exchanger, though, is also affected 
by the Na+ gradient and any alteration in the function of the Na+/K + ATPase 
pump, as demonstrated with the use of Na^/K* ATPase pump inhibitors 
acetylstrophanthidin (Sonn & Lee, 1988) and ouabain (Sheu & Fozzard, 1982), 
causes Na+/Ca2+ exchanger Ca2+ influx to change. It is possible, therefore, 
that length may affect the Na+/K+ ATPase pump activity which could explain 
the increased time to peak potentiation at 95 %Lmax (Table 4). That is, a 
reduction in the activity of the Na+/K+ ATPase pump would slow the reduction 
of the Na+ gradient favouring a greater influx of Ca2+ for a longer period of time 
and may explain the significant increase in the time to peak potentiation.
Therefore, the reduction of muscle length during the phase may 
enhance Na+/Ca2+ exchanger function which may be a consequence of either
58
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the exchanger capacity and/or a change in the Na+ gradient as a result of 
reduced Na+/K + ATPase pump activity. It would, thus, be useful for future
investigations to verify whether there is an alteration in the intracellular Na*
concentration upon a reduction in length since it has been previously
demonstrated that the rat does have a significantly higher intracellular Na +
concentration which causes rest potentiation rather than decay (Shattock & 
Bers, 1989).
Given that there is increased potentiation seen in the /? phase due to a 
greater influx of Ca2+ via the exchange compartment at 95 %Lnwx, the greater 
reduction of potentiation in the y phase at 95 yo L ^  would reflect this larger 
influx; that is, the concentration gradient between the SR and myoplasm would 
be greater increasing the passive leak of Ca2+ from the SR. furthermore, it 
was reported in this study that the contractile and relaxation processes are not 
uncoupled by a reduction in length, thus, the Na+/Ca2+ exchanger, which 
functions not only as an influxer of Ca2+ but predominantly as an effluxer of 
Ca2+, may also be enhanced during the y phase to extrude Ca2+ at a greater 
rate. In accordance with Gamble's (1990) suggestion of a compensatory 
relationship between the SR and the Na+/Ca2+ exchanger, the greater efflux of 
Ca2+ by the Na+/Ca2+ exchanger may compensate for the reduced uptake of 
Ca2+ by the SR at shorter muscle lengths.
In contrast to the effect of length upon the force-interval relationship of 
control muscle, the force-interval curve of diabetic muscle does not exhibit any
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significant differences for any phase {Figure 8). Like the a  phase of control 
muscle, TOO ^oL^, in diabetic muscle, demonstrated slightly greater 
potentiation than 95 suggesting that the length-dependence of the SR 
Ca2+ loading and/or release may be intact. The and y phases, however, were 
almost identical between lengths suggesting that the exchange compartment, 
the Na+/Ca2+ exchanger and/or the Na+/K+ ATPase pump, has become 
insensitive to changes in muscle length due to the effect of chronic diabetes.
Additionally, the insensitivity of the exchange compartment, in diabetic 
muscle, to a reduction in muscle length is further demonstrated by the 
insignificant difference in the time to peak potentiation (Table 4). Peak 
potentiation also occurred significantly earlier in the diabetic myocardium 
compared to control myocardium; however, peak potentiation was expected to 
occur later given the critical role that intracellular Na+ ions play in the reversal 
of the Na+/Ca2+ exchanger and in the regulation of the time to peak 
potentiation.
In diabetic myocardium there is an etevauon of Na+ which does not seem 
to originate via the Na+ channels given that electrophysiological examinations 
of the depolarization phases between control and diabetic groups has revealed 
no significant differences {Magyar et al., 1992; Nobe et at., 1990). The 
elevation of intracellular Na+ in diabetic myocardium is likely a function of the 
depressed Na+/K+ ATPase activity (Lagadic-Gossmarin & Feuvray, 1991). As 
such, peak potentiation would be expected to occur later since the Na+/Ca2+
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exchanger function is depressed (Makino et al., 1987) but this did not occur. 
It is likely that the insensitivity of the exchange compartment elements to 
length, as well as an earlier time to peak potentiation, signify that intrinsic 
changes to the Na+/Ca2+ exchanger may have occurred altering its ionic 
capacity and/or stoichiometric balance.
The results of this study suggest that the exchange compartment of 
diabetic myocardium is insensitive to length and, thus, would not provide 
additional Caa+ to offset possible length-dependent decreases in the Ca2+ 
sensitivity of the myofilaments and SR Ca2+ uptake and/or release. The 
reported increase in the Ca2+ sensitivity of the myofilaments (Bielefeld et al., 
1983; Ramanadham & Tenner, 1983; Ramanadham eta l., 1990), though, may 
be a response to the depression of exchange compartment function.
As in the case of the /? phase, the insensitivity of the diabetic exchange 
compartment to length in the y phase also suggests that any relationship that 
may exist between the Na+/Ca2+ exchanger and the SR during relaxation is 
altered. In control muscle, the interaction between these two cellular elements 
may offset their respective increase and decrease in activity with a reduction 
in length; whereas, in diabetic muscle, there would not be an increase in Ca2+ 
efflux via the Na+/Ca2+ exchanger to offset the reduction in SR Ca2+ uptake. 
This may be a response to the reduction in peak force of diabetic muscle; that 
is, a slower removal of myoplasmic Ca2+ would maintain tension for longer 
periods of time.
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Therefore in diabetic muscle, there seems to be an insensitivity of the 
exchange compartment to a reduction in muscle length; whereas, the uptake 
and release compartments do not seem to be affected. The insignificant 
change in the mean time to peak potentiation with a reduction in length also 
confirms that the exchange compartment of diabetic tissue is unaffected by 
length.
The provision of activational Ca2+ in the rat has been found to be highly 
dependent on the SR unlike other species whose SR networks are not as well 
developed and, hence, depend to a greater extent upon the l(i (Bers, 1985). 
The contribution of the I,; to activational Ca2+ in the rat has been found to be 
rather diminutive, on the order of 4  to 5 %, yet, the release of Ca2+ from the 
SR may likely depend upon this minute Ca2+ influx, otherwise deemed as 
calcium-induced calcium release (A. Fubiato, 1983). The Na+/Ca2+ exchanger, 
which is responsible for 20 to 30 % of Ca2+ extrusion during relaxation, can 
influx Ca2+ but it does not seem to contribute significantly, under normal ionic 
conditions, to the processes of CICR or contraction (Bers, Lederer & Berlin, 
1990; Bers, 1991a).
Given that length-dependency has been observed in the SR (A. Fabiato 
& F. Fabiato, 1975; A. Fabiato, 1980) and the exchange compartment 
{Gamble, 1990), there is a likelihood that length-dependence of the slow Ca2+
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channel exists. Since the magnitude and the rate of change of the li; around 
the SR may influence SR Ca2+ release (Fabiato, 1985), length-dependent 
changes of the I,, could have a profound influence upon the provision of 
activational Ca2+. Indeed, Lakatta & Spurgeon (1980), using the force- 
frequency relationship, demonstrated that the Isi, in cat hearts, was length- 
dependent.
To examine the lti, Lakatta & Spurgeon (1980) preceded changes in 
frequency with a 10 minute period of quiescence to virtually deplete the SR of 
Ca2+. In the present study, ryanodine (1 //M) was used to eliminate the 
contribution of the SR resulting in negative inotropy of both control and diabetic 
muscle. Ryanodine-treated controls exhibited lower peak muscle force, which 
was observed by Yu and McNeill (1991a), and also demonstrated a lower 
percentage of peak muscle force (Table 5). The percentage of ryanodine- 
treated control force in this study was 50%  lower than that of Tanaka and 
Shigenobu (1989). The difference may be the result of the higher Ca2+ 
concentration, 2 mM, used by Tanaka and Shigenobu (1989). The difference 
between control and diabetic force responses to ryanodine may have been a 
function of the lower myoplasmic Ca2+ concentration since the contribution of 
the SR is eliminated; that is, investigators have reported that diabetic 
myocardium exhibits a supersensitivity to lower concentrations of Ca2+ 
(Ramanadham & Tenner, 1983; Ramanadham et al, 1990). McComb (1990), 
similarly, demonstrated that P phase potentiation was almost similar between
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control and diabetic muscle when the Ca2+ concentration was reduced to 0.3  
mM unlike the significant differences which were observed at 1 .0  mM.
After the addition and equilibration of ryanodine in control muscle at 100 
%LmM, the examination of the ltj was accomplished by using a pacing frequency 
from 0 .5  Hz to one of four different frequencies which elicited a positive force 
staircase consistent with the results of other investigators (Bos§ et al., 1988; 
Lewartowski, Hansford, Langer & Lakatta, 1990; Stemmer & Akera, 1986; 
Urthaler et al., 1989; Yu & McNeill, 1991a). In the ryanodine-treated diabetic 
muscle, an increase in frequency also caused positive staircases which Yu and 
McNeill (1991a) had also observed.
The staircase force of both control and diabetic muscle groups were 
characterized by an initial rapid phase of increased tension and a slower 
"shoulder" phase which can be easily seen at the higher frequencies, as Bos§ 
et al. (1988) also observed. It is interesting to note that at the higher 
frequencies a maximum staircase amplitude is reached and that, consequently, 
there is a small decline in tension. The currently accepted mechanism of 
positive staircases, the Na+ pump lag hypothesis (Langer, 1983), does not only 
attribute the increase in force to the l.j in spite of the presence of ryanodine. 
An increase in stimulation frequency causes an elevation of intracellular Na+ 
which can not be removed quickly enough by the Na+/K+ pump. The resulting 
Na* electrochemical gradient increases favouring Ca2+ influx rather than efflux 
through the Na+/Ca2+ exchanger. Hryshko and Bers (1990) have found that
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the Ca2+ channel influx will attenuate when intracellular Ca2 + increases; 
therefore, the decline in tension at the "shoulder" may be attributed to the 
increased inactivation of the Ca2+ channel. Also in this study, ryanodine was 
introduced to, essentially, eliminate the ability of the SR to accumulate Ca2 + 
which, in the case of the rat, is an important source of activational Ca2+ given 
the considerable reduction in twitch force after treatment with ryanodine (Table 
5). The SR, though, has an extremely large capacity (Bers, 1991b) and could, 
despite the addition of ryanodine, play a significant role upon an increase in 
frequency and accumulation of intracellular Ca2+. Therefore, the initial rapid 
rise in the staircase at higher frequencies is likely a function of the l,if but the 
progressive reduction in staircase amplitude at the "shoulder" may not only be 
a function of Ca2+ channel inactivation but of SR Ca2+ accumulation as well. 
Similarly, the decline after peak force is attained may be a function of the 
Na+/Ca2+ exchanger's ability to, once again, effectively extrude Ca2+ upon a 
reduction in the Na+ gradient.
Upon comparison of the positive staircases for the control and diabetic 
groups, there were no significant differences found in the number of beats 
required to attain percentages of relative staircase force at any frequency for 
both 100 and 95 %Lmax (Table 6). The number of beats, however, seemed in 
most cases to be less in the diabetic group.
The positive staircase that resulted from an increase in frequency was 
not only the consequence of the I,, but of the increased influx and/or reduction
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in efflux of Ca2* through the Na+/Ca2+ exchanger {Langer, 1983). Diabetes, 
though, caused a significant depression in the Na+/K+ ATPase {Heyliger et al., 
1987; Ku & Sellers, 1982; Makino et al., 1987; Pierce & Dhalla, 1983), likely 
increasing intracellular Na+ (Lagadic-Gossman & Feuvray, 1991), which would 
favoured the influx of Ca2+ and/or reduce Na+/Ca2+ exchanger Ca2+ efflux. 
The Na+/Ca2+ exchanger, however, is significantly depressed (Makino et al., 
1987) reducing Ca2+ influx but, also, concomitantly reducing Ca2+ efflux. 
Given that the Na+/Ca2+ exchanger is responsible for 20 to 30%  of the removal 
of myoplasmic Ca2+ for relaxation (Bers, 1991b), the reduction in Na+/Ca2+ 
exchanger function would reduce Ca2+ efflux during a change in frequency 
possibly increasing tension and reducing the number of beats required to attain 
a relative percentage of the staircase force. Furthermore, the reported increase 
in the sensitivity of the myofilaments to Ca2+ (Ramanadham & Tenner, 1986; 
Ramanadham et al., 1989) may also increase tension and reduce the number 
of beats required to attain a relative percentage of the staircase force.
Nobe et al. (1990) reported that after the exposure of a Ca2+ channel 
blocker, CoCI2, the reduction in the action potential duration was significantly 
greater in diabetic muscles signifying an enhancement of the ltl compared to 
control muscles. Magyar et al. (1992) also investigated the effect of a Ca2+ 
channel blocker, lanthanum, upon the action potential but found no significant 
difference in the reductions between control and diabetic muscle. The 
discrepancy between these investigations may be a consequence of the longer
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period of uncontrolled diabetes, 30 to 40 weeks, in the study of Nobe et al. 
(1990) which may have had a significant effect upon the structure of the 
channel.
It would seem that based on the results of this study and previous 
reports, the lti may be similar or slightly enhanced in diabetic papillary muscles. 
Interestingly, there has been a reported decrease in the number of slow Ca2f 
channels (Lun Lee et al., 1992), yet, there does not appear to be any results 
suggesting that there is an attenuation of the ltl given the decrease in channel 
number. Therefore, there may be a greater influx of Ca2+ through the channels 
compensating for the reduction in channel number as a result of changes to the 
structure and/or function of the channel.
The reduction of muscle length has been previously shown to reduce the 
l,i in control muscle (Lakatta & Spurgeon, 1980). In this study, the reduction 
of muscle length in the control group demonstrated only one significant 
difference over the four different frequencies recorded and the four different 
percentages of relative staircase force (Table 6). It was, however, apparent 
that fewer beats were required to attain a relative percentage at the higher 
frequencies for 100 %Lmitt and vice-versa for 95 %Lm„  at the lower 
frequencies. Lakatta & Spurgeon (1980), conversely, found a significant 
uniform length difference, across five frequencies but these frequencies ranged 
from 0 .2  to 1 .0  Hz. Furthermore, the significance at these lower frequencies 
may have been the result of the larger reduction in length, from 100 to 85
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%Lmax. The lower number of beats, for 100 %Lme)<, required to attain a relative 
percentage at 5.00 Hz, indicating a greater lti, may be a more accurate 
reflection of normal physiological function since this is approximately the 
normal frequency of the rat heart rate. Alternatively, it does not seem possible 
given the present literature and the limitations of this study to further explain 
the lack of a uniform length effect upon the various frequencies used.
A reduction in the length of diabetic muscle, similarly, caused few  
significant differences to occur although the same frequency-dependent 
relationship was present (Table 6). It would seem that the length-dependent 
mechanism of the Ca2+ channel remained although the differences between 
values were less than that between controls. This would further suggest that 
the Ca2+ channels may have undergone structural and/or functional alterations, 
as discussed earlier, which may also affect the Ca2+ channel's length- 
dependent properties.
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Conclusion
The use of fundamental relationships of the heart allowed the length- 
dependence of several excitation-contraction coupling elements to be 
investigated. The pathological condition of diabetes severely affects excitation- 
contraction coupling processes, but the length-dependence of several elements 
seems to remain.
The depression of twitch and prolongation of temporal parameters in 
diabetic papillary muscles may be the function of changes to the myosin- 
isoenzyme pattern and abnormal cellular Ca2+ homeostasis. If there is a Ca2+ 
deficit, largely a function of reduced SR Ca2+ content (Bouchard & Bos6, 
1991), this could, in part, explain the depression of twitch characteristics; 
furthermore, the depression of cellular Ca2+ handling mechanisms responsible 
for the removal of Ca2+ from the myoplasm may explain the prolongation of 
temporal indices.
The extensive changes in diabetic myocardium seem to also affect its 
length-dependent nature. The significant decrease of the maximal rate of 
contraction and insignificant change of both the maximal rate of relaxation and 
the ratio of both these parameters ( +  S/-S) upon a reduction in length suggest 
that more than one cellular process is involved. Also, the myofilaments may 
undergo intrinsic changes given that, in addition to significant reduction in the 
time to the maximal rate of relaxation and complete relaxation, there was a 
significant reduction in the time to maximal contraction as length was reduced.
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This may suggest that contractile processes such as the association of Ca2+ to 
the myofilaments may be length-dependent.
The force-interval relationship was used to investigate the iength- 
dependence of several cellular Ca2+ handling mechanisms during diabetes. The 
pathological condition of diabetes significantly affected the expression of the 
0  and y at 100 %Lmaxf as previously demonstrated (McComb, 1990; Yu & 
McNeill, 1991a), and, similarly, at 95 %Lmax. The reduction in muscle length, 
though, had no significant effect upon the force-interval curve, unlike control 
muscle. The lack of a significant effect on the mean time to peak potentiation, 
in diabetic papillary muscle, would also suggest that the exchange 
compartment has become insensitive to changes in muscle length. The 
decrease in the time to peak potentiation, rather than an increase as the 
literature suggests, also implies that the capacity and/or stoichiometric balance 
may be altered.
The force-frequency relationship was used, in conjunction with ryanodine 
whicn eliminates the contribution of the SR, to investigate the lfi. There were 
no significant differences between the diabetic and control groups, but, 
nonetheless, the diabetic group was found to require fewer beats to attain 
relative percentages of staircase force. It would seem that the I,, is either 
similar or slightly enhanced as other investigators have demonstrated (Magyar 
et al., 1992; Nobe et al., 1990).
The length-dependent investigation of the lti did not demonstrate many r
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significant differences in either the control or diabetic groups. It seems that the 
magnitude of the 1,; at either 100 or 95 %Lmax, in this study, was frequency- 
dependent; that is, the I,; was greater, although not significantly, at the higher 
frequencies for 100 % Lmax and vice-versa at the lower frequencies for 95 
%Lmax. Although the results were non-uniform for length over the frequencies 
tested, the greater ld for 100 % lm4X at higher frequencies may be indicative of 
the relationship that exists normally since these higher frequencies closely 
approximate the normal heart rate of the rat.
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Appandix A 
Specifications of the Muscle Bath





STEEL TUBE HOLLOWED 
3 mn dia. PASSAGE








Note. Both diagrams represent die actual size of the muscle bath. All 
measurements are in mm.
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Appendix B













Note. The balance voltage of the force transducer was 46.21 Volts.
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Appendix C
Facsimile of Ocular Scale Used for Muscle Length Estimation
VALVEPAPILLARY
MUSCLE HOOKCRADLE
F O R C E
'TRANSDUCER
Note. Diagram is approximately 10X larger than actual size.
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Appendix D 
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Appendix E











1 292 205 37 598.090
2 267 240 37 580.076
3 280 242 37 612.502
4 253 224 39 594.487
5 216 185 41 771.032
6 256 231 42 652.135
7 250 248 43 562.061
8 255 249 45 599.890
9 240 233 44 540.443
10 245 225 46 873.716
11 245 215 47 684.561
12 250 242 51 612.502
Note, Subj. = subject, IBW =  pre­
injection body weight, FBW =  post­
injection body weight at the time of 
sacrifice, Sacr. = post-injection time of 
•c'crifice, BG = blood glucose at the 
time of sacrifice.
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Appendix F




100% 95%  Lmax
+  dF /d t 




m M /m m *
V .V /d t 
m N l i ic /m n 1
•dF/d t
n i N l t K l i m 1
PMF
m N /m fn1
1 0 .141 2 1 9 .1 2 8 1 8 0 .67 6 1 9 .0 6 8 9 4 .0 2 4 6 5 .1 51 4 .8 4 4
2 0 .2 0 8 1 1 4 .7 1 6 8 2 .0 6 9 S .835 8 9 .0 9 9 6 6 .5 6 7 5 .6 6 8
3 0 0 5 4 6 1 4 2 .2 7 9 1 36  222 8 .4 5 2 1 1 5 .9 7 3 1 1 3 .4 2 7 4 .4 3 2
4 0.211 142 .181 1 0 3 .6 7 4 9 .871 9 8 .2 4 3 6 7 .8 4 1 5 .5 7 5
5 0 .1 0 9 1 3 8 .7 4 3 8 0 .7 6 2 7 .2 3 7 9 6 .7 3 8 4 5 .7 8 2 3 .4 5 2
6 0 .0 9 3 6 1 70 .03 1 1 3 8 .4 4 2 1 6 .5 5 0 1 3 0 .1 0 4 1 2 4 .2 4 7 1 0 .6 9 0
7 0 .1 6 9 1 1 2 .7 3 0 4 5 .2 1 9 1 0 .9 7 0 8 2 .5 0 4 5 8 .3 8 8 8 .6 1 5
8 0 .1 6 9 8 2 .0 9 2 5 8 .3 8 8 8 .731 7 1 .9 9 5 7 .0 0 9 5 .8 1 6
9 0 .1 9 4 1 1 0 .5 6 7 9 6 .0 0 8 8 .7 7 3 8 5 .2 0 7 6 5 .1 2 3 5 .9 1 6
1 0 0 .1 8 7 2 6 8 .1 4 4 1 3 2 .0 8 4 2 3 .9 0 9 2 2 6 .2 7 2 1 3 4 .4 0 2 1 8 .2 8 2
Note. S =  subject, CSA =  cross-sectional area, PMF =  peak muscle force.
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Appendix G
Raw Data of Twitch Force Indices for Diabetic Subjects.
s CSA
(mm2)
100%  Lmax 95%
+  dF/dt
m N / t e c / m m 1
-dF/dt PMF
m N /m m 1
+  dF/dt
m N /M C / m m ’
-dF/dt
m N /a e c /m m 1
PMF
mN/mm*
1 0 .052 106.263 86.662 15.534 57 .926 39.656 5 .4 6 2
2 0 .123 61.588 26.971 7.943 40 .840 23.202 6.196
3 0 .0 6 4 72.665 36 .424 9.137 64.441 46 .866 7.326
4 0 .054 118.959 70.245 8.516 80 .862 63.113 5.381
5 0.141 71.395 51.334 7.386 50.455 37 .594 4 .649
6 0 .146 63.706 59.042 6.108 61 .409 47 .064 4 .964
7 0.141 89.027 53.300 9.217 76.071 41 .783 6.733
8 0.141 99.153 70.228 13.339 63 .065 63.300 9.517
9 0 .2 3 4 58.603 45.063 5.698 52.001 36.229 4 .542
10 0 .343 102.094 59.587 10.128 86 .913 50.098 7.896
Note. S =  subject, CSA =  cross-sectional area, PMF =  peak muscle force.
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Appendix H
Raw Data of Twitch Temporal Indices for Control Subjects.
s
100%  L™ 95%  I™
T0-T1 T0-T2 T2-T3 T2-T4 T0-T1 T0-T2 T2-T3 T2-T4
1 0.070 0.155 0.100 0.220 0.060 0 .120 0 .040 0.185
2 0 .0 70 0.140 0.070 0.230 0.055 0.120 0 .040 0.275
3 0 .040 0.095 0.205 0.250 0.040 0 .095 0 .040 0.115
4 0.055 0.120 0.155 0.205 0.045 0 .095 0 .050 0.160
5 0.065 0.105 0.050 0 .210 0 .060 0.095 0 .050 0.125
6 0 .065 0 .150 0.075 0 .220 0.060 0 .125 0 .070 0.160
7 0.065 0.180 0.125 0.310 0 .060 0 .160 0.105 0.300
8 0 .080 0.170 0.095 0 .330 0 .060 0 .1 3 0 0 .050 0.220
9 0 .045 0.130 0.060 0 .170 0.050 0 .110 0.065 0 .170
10 0 .065 0.160 0.105 0 .465 0.055 0 .138 0 .100 0.280
Note. All times are in milliseconds. S =  subject
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Appendix I
Raw Data of Twitch Temporal Indices for Diabetic Subjects.
s
100%  L _ 95%  Ln,„
T0-T1 T0-T2 T2-T3 T2-T4 T0-T1 T0-T2 T2-T3 T2-T4
1 0 .12 0 0.280 0.160 0.360 0.080 0 .160 0 .100 0.300
2 0 .090 0.240 0.190 0.540 0.060 0.180 0 .120 0.350
3 0 .08 0 0 .210 0.220 0 .410 0.060 0 .190 0 .120 0.285
4 0 .095 0.190 0.205 0.415 0.095 0 .165 0 .120 0.325
5 0 .080 0.173 0.130 0 .260 0.065 0 .160 0.095 0.235
6 0.095 0.165 0.090 0.225 0.068 0 .165 0.115 0.225
7 0 .075 0.175 0.135 0 .320 0.065 0.155 0 .110 0.240
8 0 .080 0 .220 0.140 0.435 0.073 0.185 0 .1 20 0.330
9 0 .0 6 0 0 .180 0.080 0.295 0.065 0 .160 0.095 0.210
10 0 .075 0.195 0 .100 0.355 0.060 0.155 0 .110 0.320
Note. All times are in milliseconds. S = subjects.
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Appendix J





1 2 3 4 5
0 .400 0 .494 0.409 0.460 0 .612 0.523
0 .990 0 .808 0.619 0.661 0.801 0 .734
3 .000 0 .959 0.919 0.925 0 .9 44 0.905
6.000 1.017 1.026 1.021 1.023 1.051
11.00 1.159 1.132 1.153 1.104 1.212
15.00 1.158 1.144 1.246 1.165 1.365
37.00 1.346 1.437 1.721 1.325 1.525
89.00 1.455 1.561 2 .200 1.371 1.699
100.0 1.665 1.438 2.217 1.435 1.740
121.0 2.023 1.427 2.289 1.449 1.765
130.0 1.535 1.352 2 .234 1.429 1.657
145.0 1 .464 1.352 2.267 1.396 1.671
163.0 1.438 1.286 2.132 1.471 1.617
221.0 1.512 1.300 2.142 1.450 1.559
298.0 1.419 1.256 2 .070 1.384 1.526
360.0 1.450 1.422 1.958 1.448 1.432
501.0 1.467 1.533 1.806 1.390 1.368
708.0 1 .354 1.206 1.584 1.355 1.277
891.0 1 .260 0.955 1.509 1 .184 1.264
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Appendix K





1 2 3 4 5
0 .400 0.398 0.462 0.515 0 .483 0 .360
0 .990 0 .530 0.708 0.680 0 .7 64 0.620
3 .000 0.907 0.931 0.912 0.912 0 .849
6 .000 1.054 1.039 1.030 1.035 1.049
11.00 1.249 1.175 1.199 1.275 1.305
15.00 1.388 1.354 1.400 1.384 1.524
37 .00 1.947 2.002 2.030 1.816 2.006
89 .00 2.513 2.535 2.636 1.981 2.145
100.0 2.269 2.570 2.775 2 .074 2.102
121.0 2 .446 2.756 2 .754 2.147 2.195
130.0 2.629 2.928 2.774 2.108 2.229
145.0 2.701 2.832 2.820 1.950 2.410
163.0 2.410 2.780 2.871 1.927 2.402
221.0 1.961 2.701 2.873 1.896 2.228
298.0 1.947 2.410 2.807 1.842 2.187
3 60 .0 1.692 2.509 2.793 1.723 1.796
501.0 1.303 2.275 2.773 1.632 1.750
708.0 0 .595 1.938 1.673 1.602 1.552
891 .0 0 .699 1.959 2.539 1.490 1.442
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Appendix L





1 2 3 4 5
0 .400 0 .624 0.568 0.485 0.475 0 .500
0.990 0.967 0 .914 0 .726 0 .758 0.705
3 .000 1.027 1.058 0.989 0 .978 0 .900
6.000 1.031 0.987 1.018 1.018 1.010
11.00 1.051 1.039 1.089 1.068 1.217
15.00 1.092 1.021 1.018 1.097 1.240
37.00 1.088 1.090 1.047 1.227 1.357
89.00 1.065 1.059 1.061 1.230 1.327
100.0 1.053 1.074 1.080 1.227 1.345
121.0 1.037 1.086 1.123 1.181 1.217
130.0 1.030 1.087 1.048 1.192 1.237
145.0 0 .956 1.026 1.006 1.140 1.229
163.0 1.042 1.048 1.021 1.075 1.241
221.0 1.046 1.069 1.103 0.931 1.191
298.0 1.009 1.069 1.014 0 .728 1 .134
360.0 1 .024 1.025 1.051 0.585 1.107
501.0 1 .024 1.028 1.098 0.445 1.083
708.0 0.845 1.067 0.989 0 .2 7 4 1.095
891.0 0 .928 1.056 1.042 0 .25 0 1.055
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Appendix M





1 2 3 4 5
0 .4 00 0.536 0.421 0.458 0 .466 0 .492
0 .9 90 0.798 0.656 0.727 0.784 0 .802
3 .000 1.000 0.961 0.953 0.973 0 .976
6.000 1.001 0.993 1.001 1.001 0.996
11.00 1.060 1.141 1.091 1.035 1.084
15.00 1.083 1.143 1.144 1.064 1.128
37 .00 1.165 1.160 1.163 1.116 1.162
89 .00 1.186 1.141 1.224 1.134 1.193
100.0 1.184 1.066 1.123 1.131 1.145
121.0 1.134 1.075 1.176 1.138 1.113
130.0 1.126 1.196 1.187 1.114 1.158
145.0 1.028 1.195 1.130 1.100 1.147
163.0 1.093 1.220 1.148 1.091 1.095
22 1 .0 0 .939 1.144 1.175 0.989 1.082
298.0 0.825 1.311 1.102 0.883 1.089
36 0 .0 0 .8 64 1.142 1.131 0.821 1.042
501.0 0.790 1.298 1.100 0.679 0.995
708.0 0.713 1.109 1.060 0.469 0.865
89 1 .0 0 .700 1.370 1.072 0.348 0 .825
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Appendix N
Ryanodine-treated Control and Diabetic Force Data
Parameter
Control Subjects
1 2 3 4 5
PRT Force 
(mN/mm3)
10.970 8.731 23.909 16.550 5.191
RT Force 
(mN/mm3)
0.699 0.280 0.571 0.607 0 .1 5 4
% of 
Peak Force
6.374 3.207 2.390 3.671 2.967
Parameter
Diabetic Subjects
1 2 3 4 5
PRT Force 
(mN/mm2)
13.379 9.217 10.128 5.698 22 .070
RT Force 
(mN/mm2)
0.855 0 .7 54 1.330 0.780 0 .4 2 2
% of 
Peak Force
6.610 8.181 13.130 13.691 1.914
Note. PRT Force =  Pre-Ryanodine-Treated Force. RT Force =  
Ryanodine-Treated Force
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Appendix O
Raw Beat Values from Positive Staircases of Ryanodine-
Treated Control and Diabetic Muscles at 5 .00 Hz.
CONTROL
N
100 %Lma)( 95 %Lmax
25 % 50 % 75 % 98 % 25 % 50 % 75 % 98 %
1 2.0 4.5 9 .0 19.0 3 .0 14.0 24.0 44.0
2 5.0 11.0 18.0 31.0 4 .0 16.0 36.0 61.0
3 4.0 7 .0 11.0 23.0 3 .0 6.8 12.0 27.0
4 3.0 6.7 10.8 19.0 1.0 3 .0 9 .0 24.0
5 7.0 21.0 37.0 63.0 3.0 12.0 27.0 52.0
DIABETIC
N
100 %Lmax 95 %Lmax
25 % 50 % 75 % 98 % 25 % 50 % 75 % 98 %
1 3.8 7.5 13.0 31.0 2.0 4 .5 16.0 31.0
2 1.0 4 .7 9.5 20.0 1.0 4.7 11.0 26.0
3 1.8 5.7 13.0 30.0 1.0 4 .0 11.0 31.0
4 2.7 4 .8 8.3 16.8 5.0 7.7 12.7 26.0
5 1.6 5.5 11.0 24.0 1.0 5.0 12.0 32.0
Note. N = subjects. Percentages refer to the number of beats required 
to attain a relative percentage of the positive staircase.
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Appendix P
Raw Beat Values from Positive Staircases of Ryanodine-
treated Control and Diabetic Muscles at 3 .33  Hz.
CONTROL
N
100 % L _ 95 %Lmitt
25 % 50 % 75 % 98 % 25 % 50 % 75 % 98 %
1 2.5 4.8 8.5 20.0 2.5 16.0 31 .0 59.0
2 7.0 12.0 22.0 29.0 2.0 9.0 23.0 43 .0
3 4.7 8.8 13.0 26.0 3.8 7.0 11.9 24.0
4 2.8 7.0 11.8 20.0 1.6 4 .0 11.0 25.0
5 9.0 20.0 36.0 59.0 1.0 5.0 17.0 38 .0
DIABETIC
N
100 % L _ 95 %Lmax
25 % 50 % 75 % 98 % 25 % 50 % 75 % 98 %
1 5.7 10.5 16.0 32.0 4 .7 11.0 17.0 36 .0
2 1.7 4 .8 8.8 21.0 1.0 5.8 11.0 23 .0
3 1.0 5.8 12.0 32.0 1.0 5.0 12.0 27.0
4 4 .4 6.8 10.5 21.0 4 .6 7.5 11.5 22 .4
5 3.8 8 .0 15.0 31.0 1.0 6.0 12.0 30 .0
Note. N =  subjects. Percentages refer to the number of beats required 
to attain a relative percentage of the positive staircase.
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Appendix Q
Raw Beat Values from Positive Staircases of Ryanodine-
treated Control and Diabetic Muscles at 2 .50  Hz.
CONTROL
N
100 %Lmax 95 %Lmax
25 % 50 % 75 % 98 % 25 % 50 % 75 % 98 %
1 2 .4 4.5 8.0 16.0 1.0 8 .0 23.0 45.0
2 5.0 9 .0 14.0 23 .0 2.0 8 .0 17.0 42 .0
3 5.0 9.0 14.0 24.0 3 .0 7 .0 13.0 26.0
4 4 .0 7.8 13.0 25.0 1.6 6 .0 12.0 29.0
5 2.0 6 .0 12.0 28 .0 1.0 6 .0 17.0 40 .0
DIABETIC
N
100 % ! ._ 95 % l™
25 % 50 % 75 % 98 % 25 % 50 % 75 % 98 %
1 6.8 11.8 18.0 33 .0 2.9 8 .0 16.0 36 .0
2 2 .0 5.7 10.8 23 .0 1.0 4 .8 9 .0 22.0
3 1.5 3 .9 9 .0 24 .0 1.0 3 .0 8 .0 23.0
4 4 .6 8 .0 11.9 25 .0 4 .7 8 .8 13.0 26.0
5 4 .9 8 .0 14.0 33 .0 1.0 6.0 12.0 32 .0
Note. N =  subjects. Percentages refer to the number of beats required 
to attain a relative percentage of the positive staircase.
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Appendix R
Raw Beat Values from Positive Staircases of Ryanodine-
treated Control and Diabetic Muscles at 1.67 Hz.
CONTROL
100 %LmaJt 95 % lWB,
N
25 % 50 % 75 % 98 % 25 % 50 % 75 % 98 %
1 2.5 4.5 8.0 16.0 1.0 3.0 9 .0 20.0
2 2.0 10.0 19.0 26.0 2.0 4.0 10.0 23 .0
3 3 .0 8.0 14.0 24.0 1.0 5.0 11,0 23 .0
4 3 .0 8.0 14.0 25.0 0.8 5.0 10.8 23.0
5 2.0 6.0 12.0 28.0 2.0 8.0 12.0 30 .0
DIABETIC
N
100 %Lmax 95 %Lmax
25 % 50  % 75 % 98 % 25 % 50 % 75 % 98 %
1 5.0 12.0 20.0 27.9 1.8 6.0 13.0 24 .0
2 1.8 3.8 8.8 19.9 0 .5 2.0 7.9 20.0
3 0 .9 3.9 9.0 19.0 0.6 1.9 7 .0 19.0
4 5.0 9.8 14.0 26.0 3.7 6.8 11.0 24 .0
5 2.9 8.0 13.0 26.0 1.0 4.9 11.0 30 .0
Note. N =  subjects. Percentages refer to the number of beats required 
to attain a relative percentage of the positive staircase.
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Appendix S
Significant ANOVA Summary Tables for Morphological Characteristics
Final Body Weight 






A 11328.8 1 11328.8 33 .075 0 .00008
Error 6165 .2 18 342.511
Note, tp <  0.05  =  4 .41 .
Blood Glucose 






A 958727 1 958727 169.072 0 .00000
Error 102069 .3 18 5670.519
N&S* tp < 0iQ5 — 4.41.
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Appendix T
Significant ANOVA Summary Tables of Control and 
Diabetic Twitch Characteristics at 100 and 95 %Lmax
Peak Muscle Force 






A 120.570 1 120.570 20.028 0 .00186
Error 54.181 9 6.020
Note. tp < o os — 5.12.
+ dF/dt






A 8423 .750 1 8423.750 17.127 0 .00283
Error 4426 .469 9 491 .830
Note, tp  ̂o.oB =  5.12.
-dF/dt






A 3271 .875 1 3271.870 5 .157 0 .0475
Error 5710 .125 9 634.458
Note, tp < 0.05 — 5.12.
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Peak Muscle Force 






A 45.481 1 45.481 13.989 0 .00492
Error 29.472 9 3.275
Note, tp < 0.05 = 5.12.
+ dF/dt






A 4962.203 1 2193.875 18.929 0.00217
Error 1043.109 9 115.901
Notfi- tp<0>05 =  5 .12.
+  dF/dt






A 21621.580 1 21621.580 12.040 0.003
Error 32324 .550 18 1795.809
Note, tp < o.o5 — 4 .41 .
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-dF/dt






A 12255.310 1 12255.310 12.0820 0 .0 0 2 96
Error 18258.220 18 1014.346
Not?- tp < 0 05 = 4 .41.
+  dF/dt






A 10404.620 1 10404.620 9 .540 0 .00 636
Error 19630.920 18 1090.607
Note. tp < 0,05 = 4 ,41.
-dF/dt






A 6084.196 1 6084.196 10 .614 0 .0 0 4 5 4
Error 10318.200 18 573.234
Note. tp < 0.06 =  4 .41.
103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Appendix U
Significant ANOVA Summary Tables of 
Control and Diabetic Temporal 
Characteristics at 100 and 95 %Lm„
T0-T1






A 2 .8 1 2E-4 1 2 .812E-4 10.947 0 .00903
Error 2 .31 2E-4 9 2.569E-05
Note. tp<005 =  5.12.
T0-T2






A 2.354E-3 1 2.354E-3 36.848 0 .00037
Error 5.751 E-4 9 6.390E-5
Note. tp < oos =  5.12.
T2-T3






A 1.280E-3 1 1.280E-3 5.131 0 .0479
Error 2.245E-3 9 2.494E-4
Note, tp < QQ5 — 5.12.
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T2-T4






A 1.929E-2 1 1.921E-2 8.177 0 .0182
Error 2.116 9 2.351
Note. tp<0-05 = 5.12.
T0-T1






A 1.280E-3 1 1.280E-3 13.337 0 .00547
Error 8.637E-4 9 9.597E-5
Note, tp < o.oB -  5-12.
T0-T2






A 6.230E-3 1 6.230E-3 10.827 0 .00928
Error 5.179E-3 9 5.754E-4
Note. tp  ̂0.05 — 5.12.
105
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
T2-T3






A 5.951E-3 1 5.951 E-3 6.293 0.0321
Error 8 .5 1 1E-3 9 9.457E-4
Note. tp < o.o5 — 5.12.
T2-T4






A 3 .1 60E-2 1 3.160E-2 21 .286 0.00158
Error 1 .336E-2 9 1.485E-3
Note. tp<0.05 = 5.12.
T0-T1






A 2.645E-3 1 2.645E-3 13.008 0.00231
Error 3.660E-3 18 2.033E-4
MfitS' t p  <  o .o b  — 4.41.
106
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
T0-T2






A 1.941E-2 1 1.941 E-2 18.884 0 .00062
Error 1.850E-2 18 1.028E-3
Note- tp < q05 =  4 .41.
T2-T3






A 2.278E-2 1 2.278E-2 14.717 0 .001 50
Error 2.786E-2 18 1.548E-3
NQte- tp < o.o5 =  4 .41 .
T2-T4






A 5.050E-2 1 5.050E-2 6.276 0.0210
Error 0.145 18 8.047E-3
Note, tp < o.oB — 4.41 .
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T0-T1






A 1.051E-3 1 1.051E-3 12.014 0 .00302
Error 1.575E-3 18 8.750E-5
Note. tp<005 = 4 .41.
T0-T2






A 1.186E-2 1 1.186E-2 39 .007 0 .0 0 0 04
Error 5.472E-3 18 3.040E-4
Note. tp < o.OB =  4 .41 .
T2-T3






A 0 .0120 1 0 .0120 35 .280 0 .0 0 0 06
Error 6.125E-3 18 3.403E-4
Noifi- tp < o.o5 -  4 .41 .
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T2-T4






A 3.444E-2 1 3.444E-2 9.912 0 .0 0 5 64
Error 6.255E-2 18 3.475E-3
Nate. tp < 0.05 =  4 .41.
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Appendix V
Significant ANOVA Summary Tables for 
the Comparison Between Control and 








A 0.239 1 0.239 11.256 0.00994
Error 0 .170 8 2.121E-2







A 0.647 1 0.647 10.576 0.0115
Error 0 .490 8 6.120E-2







A 0.738 1 0.738 12.480 0 .00778
Error 0 .473 8 0.0591
Note, tp < o.os ~  5.32.
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A 1.095 1 1.095 15.294 0 .0 0 4 74
Error 0 .573 8 7 .1 60E-2







A 0.683 1 0.683 10.407 0 .0119
Error 0 .525 8 6.561 E-2







A 0.780 1 0.780 10.127 0 .0127
Error 0 .616 8 7.703E-2
Note. tp<005 =  5.32.







A 0.634 1 0 .634 11.117 0 .0102
Error 0 .456 8 5.700E-2







A 0.688 1 0.688 12.204 0.00821
Error 0.451 8 5.638E-2







A 0.730 1 0.730 11.746 0 .0 0899
Error 0 .497 8 6 .2 1 1E-2 -
Note. tp K o.os — 5.32.
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A 0.851 1 0.851 17.215 0 .0 0 3 53
Error 0 .396 8 4.946E-2







A 0.832 1 0 .832 15.508 0 .00 458
Error 0 .430 8 5.371 E-2







A I 0.628 1 0 .628 9.323 0 .0 1 5 3
| Error | 0 .539 8 6.736E-2
Note, tp < — 5.32.
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Appendix W
Significant ANOVA Summary Tables for 
the Comparison Between Control and 







A 1.239E-2 1 1.239E-2 19.221 0 .00268
Error 5.157E-3 8 6.446E-4







A 4.623E-3 1 4.623E-3 82.239 0 .00009
Error 4.497E-4 8 5.621 E-5







A 0.187 1 0 .187 7.231 0 .0266
Error 0 .207 8 2.584E-2
Not?. tp< o.os =  5.32.
114







A 0.221 1 0.221 77.769 0.0001
Error 2.278E-2 8 2.847E-3







A 1.628 1 1.628 41 4 .459 0.00001
Error 3.143E-2 8 3.928E-3







A 3.519 1 3 .519 8 6 .422 0 .00008
Error 0 .3 2 6 8 4.072E-2
Note, tp < o.os 5 .32 .
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A 3.771 1 3.771 79.345 0.0001
Error 0.380 8 4.753E-2







A 4.438 1 7.438 102 .054 0 .00006
Error 0.348 8 0.0435







A 4.743 1 4.743 75 .649 0.00011
Error 0 .502 8 6.270E-2
Note. tp < o.o5 =  5.32.
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A 5.059 1 5.059 71.026 0.00012
Error 0.570 8 0.0712







A 4.547 1 4 .547 63.570 0 .00 016
Error 0 .572 8 7 .1 52E-2







A 4.007 1 4 .007 39 .6882 0 .0 0 0 45
Error 0.808 8 0.101
Note, tp < o.os — 5.32.
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A 3.360 1 3.360 38.286 0 .00049
Error 0 .748 8 9.350







A 3.039 1 3.039 21.364 0.00205
Error 1.138 8 0.142







A 2.373 1 2.373 11.977 0 .00858
Error 1 .584 8 0.198
Note, tp < o.os ~  5.32.
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A 0.988 1 0.988 5.968 0 .0390
Error 1.325 8 0.166
Note. tp<0.05 = 5 .32.
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Appendix X
Significant ANOVA Summary Tables for Within-Subjects 







A 0.0945 1 0 .0945 151.015 0.00097
Error 2.502E-3 4 6.256E-4







A 0.599 1 0 .599 94 .316 0 .00156
Error 2.539E-2 4 6.349E-3







A 1.242 1 1.242 28 .759 0 .0 0718
Error 0.173 4 4 .3 1 8E-2
Note. tp < o o5 — 7.71.
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A 1.086 1 1.086 26 .680 0.00801
Error 0.163 4 4.069E-2







A 1.119 1 1.119 15.027 0 .0189
Error 0 .298 4 7.446E-2







A 1.990 1 1.990 20 .402 0 .0119
Error 0 .390 4 9.754E-2
Note. tp < QQg — 7.71.







A 2.082 1 2.082 23.289 0 .00979
Error 0.358 4 8.940E-2







A 1.977 1 1.977 26.635 0 .00803
Error 0 .297 4 7.421 E-2








A 1.366 1 1.366 17.823 0 .0 1 4 6
Error 0 .3066 4 7.664E-2
Note. tp < cog =  7 .71.
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A 1.252 1 1.252 33 .734 0.00571
Error 0.148 4 3 .7 1 1E-2







A 0.786 1 0 .786 10.948 0 .0303
Error 0 .287 4 7.176E-2
Note. tp < o.05 =  7.71.
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Appendix Y
Significant ANOVA Summary Tables of the Mean Time to Peak
Potentiation for the Control and Diabetic Groups at 100 and 95 %Lma)l






A 1276.906 1 1276.906 11.945 0 .0266
Error 427.593 4 106.898
Note, tp < o.os — 7 .71 .







A 8880 .400 1 8880.400 7 .695 0 .0233
Error 92 32 .000 8 1154.000
Note, tp < o_o5 “  5 .32.






A 6812.101 1 6812.101 13.148 0 .00 686
Error 41 44 .80 0 8 518.100
Nfile. tp< 0.05 =  5.32.
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Appendix Z
Significant ANOVA Summary Tables for the Number of Beats 
Required to Attain a Relative Percentage of Staircase for the 
Control and Diabetic Groups at 100 and 95 %Lmux
25 % of Relative Staircase Force at 2 .50  Hz






A 9.604 1 9 .604 30.586 0 .00657
Error 1.256 4 0 .314
Note, tp < o.os 7.71.
25  % of Relative Staircase Force at 1.67 Hz






A 6.400 1 6.400 11.327 0 .0288
Error 2 .260 4 0.565
Mate. tp < o.o5 =  7 .71.
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50 % of Relative Staircase Force at 1.67 Hz






A 25.281 1 25.281 17.917 0 .0145
Error 5 .644 4 1.411
Note. tp<005 =  7.71.
75  % of Relative Staircase Force at 1 .67 Hz





Squares F-ratio P l
A 22.201 1 22.201 7 .926 0 .0482
Error 11.204 4 2.801
Note, tp < o_o5 — 7.71.
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